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ABSTRACT
Susceptibility of High-elevation Forests to Mountain Pine Beetle (Dendroctonus
ponderosae Hopkins) Under Climate Change
by
David N. Soderberg, Doctor of Philosophy
Utah State University, 2021
Major Professor: Dr. Karen Mock
Department: Wildland Resources
High-elevation Pinus species act as keystone species in subalpine communities
through providing habitat and food sources that foster biodiversity. The mountain pine
beetle (Dendroctonus ponderosae Hopkins Coleoptera: Curculionidae, Scolytinae; MPB)
affects the majority of Pinus species including many high-elevation, five-needle Pinus
species, and has recently expanded its distribution further northward and increased
persistence at higher elevations. Future distribution of MPB will be dictated by climate
and the ability to adapt to novel environments, in addition to the availability of
susceptible Pinus hosts. Considerable variability exists not only in regional adaptation
among MPB populations, but also in the resistance conferred by defense strategies
employed among and within Pinus species. Defenses take the form of chemical
secondary metabolites (e.g., monoterpenoids) or anatomical structures (e.g., resin ducts),
both of which can be expressed constitutively, or upregulated as needed to maximize the
economy of available resources. Among Pinus, the concentration and composition of
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constitutive and inducible secondary metabolites has been shown to confer defense
against MPB. In addition, lignification within bark beetle feeding tissues (e.g., bark,
phloem) has been shown to reduce brood fitness within related genera, but its defensive
efficacy has yet to be assessed within Pinus. I employed a variety of experimental
approaches to assess the role of climate on MPB persistence and southern range
expansion, in addition to resource allocation strategies of growth and both chemical (i.e.,
secondary metabolites) and anatomical (i.e., lignin) defenses among high-elevation
Pinus.
The results from this work suggest that due to genetic variability and extensive
plasticity in multiple fitness traits, MPB populations will not only persist, but increase
reproductive success in a warming climate. In addition, the MPB southern range
boundary is likely limited by biotic interactions, rather than direct temperature effects.
Among Pinus that differ in susceptibility to MPB, the concentration and composition of
chemical secondary metabolites, as well as concentrations of lignin within the phloem
were inversely correlated, with less MPB-susceptible Pinus species (e.g., P. longaeva)
displaying higher concentrations of secondary metabolites, but lower concentrations of
phloem lignin, relative to more MPB-susceptible species (e.g. P. flexilis). These findings
provide supporting evidence for evolved differences among Pinus species in resource
allocation to growth and defenses, where SM concentration and composition, but not
phloem or bark lignification, are adaptive traits for resisting MPB attack and brood
success. My dissertation research advances our understanding of the interactions between
MPB and its high-elevation, five-needle Pinus hosts, contributing to the adaptive
management of high-elevation forests.
(225 pages)
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PUBLIC ABSTRACT
Susceptibility of High-elevation Forests to Mountain Pine Beetle (Dendroctonus
ponderosae Hopkins) Under Climate Change
David N. Soderberg
Across western North America, pine forests are important for timber, wildlife
habitat, and at high elevations are important for water retention and yield from rain and
snowmelt. The mountain pine beetle (MPB) is one of the most significant disturbance
agents shaping pine forests, and like all insects, temperature is a major driver of its
population success and the dynamics of the landscapes that they inhabit. Changing
temperature regimes can therefore directly influence MPB population persistence at a
particular location, in addition to potential shifts in the range boundaries that they inhabit.
MPB is currently expanding its range northward in British Columbia and Alberta, Canada
in parallel with warming climates, however, the potential impact of climate change on
southern populations of mountain pine beetle is unknown. As the climate warms, the
future distribution of MPB will be dictated by the ability to adapt to new and changing
environments, in addition the availability and susceptibility of the pine trees that they
feed upon. Pine species are known to vary in susceptibility to MPB, which is largely
attributed to differences in the production of chemical (e.g., terpenes and their
derivatives) and physical (e.g., resin ducts) defenses. Among pines, chemical defenses
have been shown to confer defense against MPB, however, the nature of these defenses
following biotic incitation has not been evaluated in many pine species. Moreover,
lignification within bark beetle feeding tissues (e.g., bark, phloem) has been shown to
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confer defense within related conifers, but its defensive efficacy has yet to be assessed
within pines.
To assess MPB response to a changing climate and the relative susceptibility of
their pine hosts, I employed a variety of experimental approaches to assess the role of
climate on MPB persistence and southern range expansion, in addition to the growth and
defense strategies employed within and among high-elevation pine hosts that vary in
resistance to MPB. The results from this work suggests that in a warming climate, MPB
populations will not only persist, but increase in population. In addition, the MPB
southern range boundary is likely limited by biotic interactions, rather than direct
temperature effects. Among pines that differ in susceptibility to MPB, the concentration
and composition of chemical defenses, as well as concentrations of lignin within the
phloem were inversely correlated, with less MPB-susceptible pine species (e.g., Great
Basin bristlecone pine) displaying higher concentrations of chemical defenses, but lower
concentrations of phloem lignin, relative to more MPB-susceptible species (e.g., limber
pine). These findings provide supporting evidence for evolved differences among pine
species in investment between growth and defenses, where the concentration and
composition of various chemical defenses, but not phloem or bark lignification, are
adaptive traits for resisting MPB attack and brood development. My dissertation research
advances our understanding of the interactions between MPB and its high-elevation, fiveneedle Pinus hosts, contributing to the adaptive management of high-elevation forests.
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CHAPTER 1
INTRODUCTION
Forested ecosystems cover ~30% of the global land surface area (FAO 2018) and
are undergoing dramatic changes in response to climate change (Allen et al. 2010), with
much of this change mediated by insect-caused mortality (Hicke et al. 2015, Seidl et al.
2017). The mechanisms that lead to tree mortality are complex, and include climaterelated impacts on tree physiological responses, biotic and abiotic disturbances, and
increasingly, their interactions (Anderegg et al. 2015). The mountain pine beetle
(Dendroctonus ponderosae Hopkins Coleoptera: Curculionidae, Scolytinae; MPB) affects
the majority of Pinus species in North America (Wood 1982) including many species of
high-elevation, five-needle Pinus species (Raffa et al. 2017), and has recently expanded
its distribution further northward (Cullingham et al. 2011) and increased persistence at
higher elevations (Macfarlane et al. 2013, Cleaver et al. 2015) as a direct result of
warming temperature (Bentz et al. 2010). Future distribution of MPB will be dictated by
climate and the ability to adapt to novel environments, in addition to the availability of
susceptible Pinus hosts (i.e., pines). MPB and Pinus host trees have evolved traits that
shape the outcome of their interactions, where considerable variability exists not only in
regional adaptation among mountain pine beetle populations (Bentz et al. 2001, 2011),
but also in resistance and defense strategies among and within Pinus species (Moreira et
al. 2014, Bentz et al. 2017). As climate change progresses, high-elevation Pinus stands
may experience increased MPB-caused mortality that could negatively affect the
ecosystem services they provide (Bentz et al. 2016, Buotte et al. 2016).
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MPB is native to western North America with an expansive range extending from
Baja California Norte, Mexico into western Canada (Cooke and Carroll 2017, Dowle et
al. 2017). MPB feeds and reproduces within the inner bark (i.e., phloem) of Pinus
species, causing tree death at landscape-scales when population levels are high (Raffa et
al. 2008). The distribution of Pinus species in western North America extends both
northward and southward beyond the known historical distribution of MPB, and
northward range expansion has recently occurred as a result of changing climate in
British Columbia and Alberta, Canada (de la Giroday et al. 2012, Sambaraju et al. 2019).
At the southern limit of the historical distribution in central and southern Arizona in the
United States, MPBs are found in the closely related and hybridizing high-elevation
species P. flexilis (James) and P. strobiformis (Engel.) (Bentz and Hansen 2017, Menon
et al. 2018), yet MPB is limited or absent in lower elevation Pinus species (e.g., P.
ponderosa Dougl. ex P. & C. Laws.) south of the Grand Canyon, Arizona (McHugh et al.
2003, Gaylord et al. 2006, Lynch et al. 2006, Williams et al. 2008). Although multiple
Pinus species are found in mainland Mexico and further south, MPB is considered rare to
absent south of the United States border (Wood 1982, Cibrián-Tovar et al. 1995).
Recently, however, several MPBs were found in a dead P. strobiformis in Chihuahua
Mexico just south of the Arizona border (Armendariz-Toledano et al. 2017). While it is
clear that increases in temperatures have permitted MPB migration northward in Canada
(Carroll et al. 2004, Sambaraju et al. 2012, 2019), factors delimiting the southern edge of
the MPB distribution in the United States are unknown.
Pinus (pines) are known to have evolved various defensive strategies against
phloem-feeding bark beetles, the most studied being secondary metabolites (SM) and
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resin ducts. Variation among and within pines in chemical (Zavarin et al. 1993, Bentz et
al. 2017), and anatomical defenses (Ferrenberg et al. 2014, Moreira et al. 2015) is well
known and within conifers is hypothesized to reflect resistance to multiple bark beetle
species (Phillips and Croteau 1999, Keeling and Bohlmann 2006). SM include
compounds (e.g., terpenes and their derivatives can be toxic to attacking bark beetle
adults (Cook and Hain 1988, Chui et al. 2017, Reid et al. 2017) and their eggs and larvae
(Raffa and Berryman 1983), and inhibit the propagation of fungal symbionts (Franceschi
et al. 2005). Anatomical defenses are structural elements (e.g., resin ducts) that can deter
invading insects by providing physical and chemical barriers to nutrient-rich tissues
(Krokene et al. 2008, Hood et al. 2015). An anatomical trait that has been shown to
confer plant resistance to insects and pathogens (Vance et al. 1980), and within Picea
(Wainhouse et al. 1990, Whitehill et al. 2016), is lignin. Because lignified tissue is
difficult to chew and digest (Wainhouse et al. 1990, Wainhouse and Ashburner 1996,
Whitehill et al. 2016), it can also reduce both nutritional quality and nutrient
bioavailability to herbivores (Swain 1979, Rhoades 1985, Johnson et al. 2009).
Therefore, lignin can act either as an indirect chemical defense (i.e., antifeedant or
antinutritional) or as a direct physical defense.
Many pine species have evolved relationships with the specialist herbivore MPB
that feeds and reproduces within the inner bark or phloem (Franceschi et al. 2005).
Following adult emergence from brood trees and acceptance of a new susceptible host
tree, aggregation pheromones that rapidly attract conspecifics are released in an attempt
to overwhelm tree defenses. A successful mass attack enables host tree colonization and
subsequent brood production. Upon attack, which can peak within a few days (Bentz et
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al. 1996) and be sustained for a month or more (Bentz et al. 2014), most pine species
produce a resinous induced response that contains SM, including monoterpenes,
sesquiterpenes, and phenolics, that are toxic to adult beetles and their offspring (Reid and
Purcell 2011, Chiu et al. 2017, Reid et al. 2017). Defenses may be constitutive (i.e.,
always present) or induced (i.e., upregulated in response to a biotic challenge) (Karban
and Baldwin 1997, Rasmann and Agrawal 2011), and both can be costly to produce
(Agrawal et al. 1999, Strauss et al. 2002, Cipollini and Heil 2010). Inducible defenses,
measured as the absolute change in concentration following induction, are hypothesized
to minimize costs of defense because they are allocated only when needed (Karban and
Myers 1989; Karban and Baldwin 1997, Heil and Baldwin 2002). While it is known that
pines have induced responses, few studies have quantified the rate of induced chemical
defense response within a few days of initial attack (e.g., Raffa and Berryman 1983,
Bentz et al. 2015), with the majority analyzing induced defense timing between 7 and 30
days following simulated attack (Villari et al. 2014, Keefover-Ring et al. 2016, Cale et al.
2017, Raffa et al. 2017).
In systems with specialist herbivores long-term relationships may increase the
selective opportunity for specific host defenses (Mattson et al. 1988). Documenting and
explaining patterns in inter- and intraspecific variation in plant defenses has long been of
interest to ecologists. Hypotheses to explain such variation primarily involve tradeoffs in
allocating limited resources among fitness-enhancing traits, including growth (reviewed
by Stamp 2003), and abiotic (e.g., resource availability) and biotic (herbivore and
pathogen pressure) environments are key factors that influence the tradeoffs at both the
interspecific (Coley et al. 1985, Herms and Mattson 1992, Fine et al. 2004, Moreira et al.
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2014) and intraspecific level (Rasmann et al. 2014, Hahn and Maron 2016, López-Goldar
et al. 2018, Hahn et al. 2019). Current growth-defense hypotheses are based on the notion
that plants are adapted to resource availability in their environment and that investment in
growth and defense are mutually exclusive, resulting in tradeoffs between the two
investments (Coley et al. 1985, Herms and Mattson 1992, Endara and Coley 2011). In
addition, due to the associated costs of constitutive and induced defenses, maximizing
both strategies would seem redundant, so a tradeoff is predicted both among and within
plant species (Herms and Mattson 1992, Bingham and Agrawal 2010, Kempel et al.
2011). Although multiple frameworks for describing plant defense strategies have been
theorized, a central tenet is that selection has optimized allocations such that fitness
benefits outweigh the costs of defense.
In addition to well-defined defenses, Pinus species can have widely varying
growth rates (Burns and Honkala 1990, Keeley 2012) and include some of the world’s
oldest trees with the slowest growth rates (Piovesan and Biondi 2021). Great Basin
bristlecone pine (P. longaeva Bailey), a particularly long-lived and slow-growing species
found in low-resource environments, has been shown to have higher levels of constitutive
defenses compared to the relatively faster-growing and co-occurring limber pine (P.
flexilis James) (Bentz et al. 2017), consistent with interspecific predictions about
tradeoffs. Rocky Mountain bristlecone pine (P. aristata) and foxtail pine (P. balfouriana)
are close relatives of P. longaeva (Bailey 1970), comprising the long-lived Balfourianae
subsection of Pinus (Eckhart and Hall 2006, Lanner 2007). While P. balfouriana was
also found to have high levels of constitutive defenses relative to P. flexilis (Bentz et al.
2017), defense strategies and potential tradeoffs within P. aristata are unknown. The
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concentration and composition of SM defenses varies greatly among and within Pinus
species, including varying levels of constitutive concentrations and concentrations
induced by a biotic inciter (Villari et al. 2014, Keefover-Ring et al. 2016, Raffa et al.
2017), but little is known regarding induced response within a few days of simulated
attack or within the high-elevation species P. longaeva, P. aristata, or P. flexilis. In
addition, lignin has been shown to provide resistance against phloem-feeding bark beetles
within Picea (Wainhouse et al. 1990, Whitehill et al. 2016), however, among pines the
role of lignin as a defensive mechanism against bark beetle attack has not been
investigated.
The mechanisms that lead to tree mortality are complex and include climaterelated impacts on bark beetle antagonists, in addition to the evolved chemical and
anatomical defenses of host trees. To help understand the potential for MPB persistence
and success in a warming climate, and the strategies of resource allocation to growth and
chemical and anatomical defenses of its Pinus hosts, I evaluated the effects of varying
climate on the fitness traits of two MPB populations, as well as assessed characteristics of
constitutive and induced secondary metabolites within the phloem and constitutive lignin
concentrations within the bark and phloem of high-elevation MPB Pinus hosts. In
Chapter 2, I examined (1) the response of two MPB populations to warming
temperatures, (2) the potential for population persistence in a changing climate, and (3)
the potential for thermal regimes to define the southern MPB distribution boundary and
constrain expansion southward. In Chapter 3, I evaluated (1) inter- and intraspecific
tradeoffs in growth and constitutive and induced SM defenses, and (2) constitutive and
induced SM defenses among co-occurring P. aristata, P. flexilis, and P. contorta. In
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addition, I assessed (3) the rate and magnitude of induced response to MPB fungal
symbiont inoculation, as well as the (4) constitutive and induced chemical compositions
unique to each study species. In Chapter 4, I assessed the role of lignin as a defense
against MPB by quantifying lignin in the outer bark and phloem of co-occurring P.
longaeva, P. balfouriana, and P. flexilis known to vary in MPB-susceptibility. I conclude
with a summary chapter (Chapter 5) synthesizing the results and their contribution to our
understanding of MPB population success within a changing climate and the
susceptibility of high-elevation pines.
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CHAPTER 2
TRANSLOCATION EXPERIMENT REVEALS CAPACITY FOR MOUNTAIN
PINE BEETLE PERSISTENCE UNDER CLIMATE WARMING 1
ABSTRACT
Predicting species response to climate change is a central challenge in ecology,
particularly for species that inhabit large geographic areas. The mountain pine beetle
(MPB) is a significant tree mortality agent in western North America with a distribution
limited by climate. Recent warming has caused large-scale MPB population outbreaks
within its historical distribution, in addition to migration northward in western Canada.
The relative roles of genetic and environmental sources of variation governing MPB
capacity to persist-in-place in a changing climate, and the migratory potential at its
southern range edge in the United States, have not been investigated. We reciprocally
translocated MPB populations taken from the core and southern edge of their range, and
simultaneously translocated both populations to a warmer, low-elevation site near the
southern range boundary where MPB activity has historically been absent despite suitable
hosts. We found genetic variability and extensive plasticity in multiple fitness traits that
would allow both populations to persist in a warming climate that resembles the thermal
regime of our low-elevation site. We demonstrate, for the first time, that supercooling
points in MPBs are influenced both by genetic and environmental factors. Both
populations reproduced with seasonally appropriate univoltine generation times at all
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translocated sites, and bivoltinism was not observed. The highest reproductive success
occurred at the warmest, out-of-range low-elevation site, suggesting that southward
migration may not be temperature-limited.
INTRODUCTION
There is scientific consensus that climate is rapidly changing, with dramatic
effects to ecosystems globally (IPCC 2014). Because climate is an enduring selective
agent on traits that shape species distributions and population success, population
persistence in a rapidly changing climate will depend on the degree of heritable variation
and phenotypic plasticity in environmentally-regulated traits (Bradshaw 1965; Sgrò et al.
2016). Heritable trait variation underlies a population’s ability to adapt to new conditions
through selection. Phenotypic plasticity is the extent to which an individual genotype can
produce different phenotypes under a range of environments, and populations with
sufficient plasticity may persist in changing environments without genetic adaptation
through natural selection. However, phenotypic plasticity itself is a heritable trait with
variation subject to selection (Via and Lande 1985; Schlichting and Pigliucci 1998). In
addition to persistence in place through trait adaptation or plasticity (Babin-Fenske et al.
2008; Merilä and Hendry 2014), range shifts via migration to new habitats can be a viable
response to rapidly changing environmental conditions (Chen et al. 2011). Indeed,
northern boundaries of multiple species have expanded with recent climatic changes that
include rapid warming at higher latitudes (Hickling et al. 2006; Parmesan 2006; Morley
et al. 2017), although less is known about responses of populations at low-latitude
margins of species distributions. To more fully understand and predict responses to future
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climatic changes, including the potential for population persistence in place, an
understanding of range-determining factors and trait responses, such as adaptive potential
and phenotypic plasticity, is critical (Gienapp et al. 2008).
Forested ecosystems cover ~30% of the global land surface area (FAO 2018) and
are undergoing dramatic changes in response to climate change (Allen et al. 2010), with
much of this change mediated by insect-caused mortality (Hicke et al. 2015; Seidl et al.
2017). The mechanisms that lead to tree mortality are complex, and include climaterelated impacts on tree physiological responses, biotic and abiotic disturbances, and
increasingly, their interactions (Anderegg et al. 2015). The mountain pine beetle
(Dendroctonus ponderosae Hopkins; Coleoptera: Curculionidae, Scolytinae) (MPB) is an
ecologically and economically significant tree mortality agent (Grégoire et al. 2005), that
can reverse the role of forests from carbon sinks to carbon sources, at least in the short
term until regrowth occurs (Hansen et al. 2014; Arora et al. 2016). MPB, a species native
to western North America with an expansive range extending from Baja California Norte,
Mexico into western Canada (Cooke and Carroll 2017; Dowle et al. 2017), feeds and
reproduces within the inner bark (i.e., phloem) of Pinus species, causing tree death at
landscape-scales when population levels are high (Raffa et al. 2008).
The distribution of Pinus species in western North America extends both
northward and southward beyond the known historical distribution of MPB, and
northward range expansion has recently occurred as a result of changing climate in
British Columbia and Alberta, Canada (de la Giroday et al. 2012; Sambaraju et al. 2019).
At the southern limit of the historical distribution in central and southern Arizona (AZ) in
the United States (US), MPBs are found in the closely related and hybridizing high-
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elevation species P. flexilis (James) and P. strobiformis (Engelmann) (Bentz and Hansen
2017; Menon et al. 2018), yet MPB is limited or absent in lower elevation Pinus species
(e.g., P. ponderosa Dougl. ex P. & C. Laws.) south of the Grand Canyon, AZ (McHugh
et al. 2003; Gaylord et al. 2006; Lynch et al. 2006; Williams et al. 2008). Although
multiple Pinus species are found in mainland Mexico and further south, MPB is
considered rare to absent south of the US border (Wood 1982; Cibrián-Tovar et al. 1995).
Recently, however, several MPBs were found in a dead P. strobiformis in Chihuahua
Mexico just south of the AZ border (Armendariz-Toledano et al. 2017). While it is clear
that increases in temperatures have permitted MPB migration northward in Canada
(Carroll et al. 2004; Sambaraju et al. 2012, 2019), factors delimiting the southern edge of
the MPB distribution in the US are unknown.
MPB survival is significantly affected by thermal regimes that influence multiple
physiological traits including development rates and thresholds (Régnière et al. 2012),
prepupal diapause (Bentz and Hansen 2017), and cold-hardening (Bentz and Mullins
1999; Rosenberger 2017). These traits facilitate appropriate overwintering seasonality,
generation time, and an adult emergence that is synchronous and seasonally-appropriate
for mass aggregation on well-defended live host trees (Logan and Bentz 1999; Safranyik
and Carroll 2006). Local heritable adaptation and plasticity in traits that influence
generation time have been shown in populations from different latitudes using common
garden laboratory studies (Bentz et al. 2001, 2011; Bracewell et al. 2013; Bentz and
Hansen 2017). The applicability of these results to field populations, and the role of the
observed variation in population response to a changing climate remains unclear. Field
translocation experiments between contrasting environments are a particularly powerful
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approach for characterizing the extent of genetic and environmental sources of variation
in traits influencing population persistence in a changing climate (Kawecki and Ebert
2004; Hoffmann and Sgrò 2011; Nooten and Hughes 2017). Translocation experiments
can also be used to describe the role of environmental factors (e.g., temperature) in
defining geographic distributions (Case et al. 2005; Gaston and Fuller 2009).
We implemented a reciprocal field translocation experiment to assess MPB
response to native and novel environments, and to evaluate the relative roles of genetic
effects (g) (i.e., variation due to differences in source population), environmental sources
of variation (E) (i.e., differences due to phenotypic plasticity), and their interaction (gE)
in several thermally regulated traits. We used two MPB source populations, one from the
core and one from the southern, low-latitude edge of the species distribution (Fig. 2-1).
We also simulated a warming climate by transplanting each population to a warmer, lowelevation Pinus forest near the southern distribution boundary where MPB activity has
historically been absent (Gaylord et al. 2006; Lynch et al. 2006; Williams et al. 2008). By
comparing the relative fitness of the two source populations in three sites (near the core
of the species distribution, near the southern distribution edge, and just beyond the
current southern distribution) we investigated 1) the response of two MPB populations to
warming temperatures, 2) the potential for population persistence in a changing climate,
and 3) the potential for thermal regimes to define the southern MPB distribution
boundary and constrain expansion southward. In addition to the field translocation
experiment, we evaluated responses of the same two populations in a laboratory common
garden to compare responses to fluctuating vs. constant temperatures and relate the
results from field and laboratory-based experiments.
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METHODS
Study System
Except for a short adult dispersal period, the MPB life cycle occurs in the phloem
beneath the outer bark of Pinus host trees. Adult emergence and flight typically occur in
mid-summer, and following acceptance of a new susceptible host tree, MPB release
aggregation pheromones that attract conspecifics. Aggregation and attacks on a single
tree that occur within a few days can overwhelm the tree’s resinous defenses, allowing
successful entry through the outer bark into the phloem (Raffa et al. 1993). Synchronous
adult emergence from previously infested trees facilitates this mass aggregation (Logan
and Bentz 1999). Adults mate and females excavate vertical galleries in the phloem,
laying eggs while simultaneously propagating the spores of symbiotic fungi that are
carried on the body, in the gut, and in the maxillary mycangia (Whitney 1982; Bleiker
and Six 2009). Larvae mine horizontally in the phloem, cutting off nutrient and water
transport along the tree bole (Amman 1978), feeding on mycelial growth of the
inoculated fungi (Adams and Six 2007) which provide a nutritional benefit to developing
larvae (Bentz and Six 2006; Myrholm and Langor 2015). Although the MPB-fungus
symbioses is complex and not fully understood, success and survival of both MPB and its
fungal associates are enhanced by fungal neutralization of host defenses (Solheim 1995;
Six and Wingfield 2010). Following mating, oviposition and development through at
least four instars, MPB typically overwinter as a prepupae before eclosing into an adult
that undergoes a maturation period prior to emergence from the tree. A single generation
typically requires one year from tree attack to brood adult emergence, although two years
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(i.e., semivoltine) may be required in cold habitats (Bentz et al. 2014). Seasonally
appropriate emergence timing during summer is critical to population success (Logan and
Bentz 1999; Safranyik and Carroll 2006). Populations with observed generation times of
less than a year (i.e., bivoltine) are rare, and not considered self-sustaining in climates
within the current MPB distribution (Bentz et al. 2014; Bentz and Powell 2014; but see
Mitton and Ferrenberg 2012).
Temperature is the primary driver of MPB development time, and ultimately adult
emergence synchrony and generation time, as it influences development rates, thresholds,
and other strategies including diapause that control seasonality (Bentz et al. 1991;
Règniére et al. 2012; Bentz and Hansen 2017). Cold temperatures can also have a direct
and significant negative impact on population success when cold-hardening acclimation
is not sufficient (Bentz and Mullins 1999; Rosenberger 2017). Variation in body size,
which can be positively correlated with fecundity and dispersal (Reid 1958; Honěk 1993;
Elkin and Reid 2005; but see Amman 1972), can also be influenced by temperature
(Amman 1972; Atkinson 1994; Bentz et al. 2011). MPB populations often exhibit
female-biased sex ratios, in large part due to differential mortality of males in the larval
stages during stressful thermal extremes (James et al. 2016). MPB has an extensive range
in western North America, and field studies showed that some thermally-regulated fitness
traits (i.e., larval cold-hardening, adult size, time to complete a generation) vary
geographically among populations (Bentz and Mullins 1999; Bentz et al. 2014). Common
garden laboratory experiments further demonstrated that observed differences among
latitudinally-separated populations in diapause induction, generation time and adult size
were due to genetic adaptation and environmentally-induced plastic responses (Bentz and
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Hansen 2017). Lacking is an integrated evaluation of the relative roles of genetic variance
(g), environmental effects (E), and their interaction (gE) in observed patterns of
geographic variation in multiple thermally-regulated fitness traits. The role of thermallyregulated traits in limiting the southern distribution of MPB in the southwestern US is
also unclear.
Experimental Design & Setup
We conducted a reciprocal translocation experiment in the field to assess MPB
response to native and novel environments, assessing the relative contributions of genetic
(g) and environmental (E) variation in multiple fitness traits. We investigated individual
traits related to development time, adult size, and survival, and demographic fitness traits
representing adult emergence synchrony and reproductive success. We reciprocally
translocated a ‘core range’ population (PUT), originating from an infested P. flexilis in a
northern Utah (UT), US site (Logan Canyon; SUT), and a ‘southern range’ population
(PAZ), originating from an infested P. flexilis-P. strobiformis hybrid at a high-elevation
central AZ, US site (Lockett Meadow; SAZ-high) (Table 2-1; Fig. 2-1). Our high-elevation
AZ site is in a zone of extensive P. strobiformis and P. flexilis introgression (Menon et al.
2018). Both populations were reared in bolts of the natal tree species at their native and
translocated sites. Additionally, both populations were reared at a third site (Centennial
Forest; SAZ-low). SAZ-low is at a low-elevation in the region of the southern distribution, is
dominated by P. ponderosa (ex Dougl. Ex P. & C. Laws.), and MPB activity is absent in
the historical record (Gaylord et al. 2006; Lynch et al. 2006; Williams et al. 2008). In
addition to the field sites, we reared the same two source populations (PUT and PAZ) in
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laboratory incubators, in natal tree species bolts, under constant temperatures of 18°C and
25°C, to compare population trait response between field and laboratory settings.
MPB Collection, Tree Harvest, and Bolt Infestation
For both field and laboratory experiments, we felled MPB-infested trees on 21
June 2016 from the SUT site and on 4 May 2016 from the SAZ-high site (Table 2-1). Cut
bolts (~46 cm long) were harvested from one tree at each of the SUT and SAZ-high sites.
Bolt ends were sealed with paraffin wax and transported to the Rocky Mountain Research
Station (RMRS) Laboratory in Logan, UT where they were placed at ambient room
temperature to allow adults to emerge naturally. Adult beetles were collected daily and
stored in Petri dishes lined with distilled water-moistened filter paper at 4°C for up to
approximately 10 days. To rear the next generation of beetles we also harvested three
live, healthy trees of the same species at each site, cut them into ~46 cm long bolts, and
sealed the cut ends with paraffin wax to retain moisture and deter fungal contamination.
Bolts were stored at 4°C for up to 3 weeks. The uninfested experimental bolts from each
site were randomized among the three field sites and the two temperatures in the
laboratory study.
We determined the sex of emerged adult beetles using the morphologically
distinct 7th tergite (Lyon 1958). To avoid potential genetic differences in development
time among emerging adults, and to standardize for cohort density, we used beetles that
emerged during the time beginning just before and throughout peak emergence from natal
bolts. Experimental bolts of the same species were infested by drilling a small hole
vertically into the phloem at the anatomical bottom of the bolt, inserting first a female
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then a male beetle, and stapling a mesh screen over each hole to prevent beetle escape. To
minimize potential maternal effects due to host species (Burke and Carroll 2017), PUT
were reared in P. flexilis and PAZ in P. flexilis/ strobiformis hybrids that were harvested
from the same locations as infested bolts (Table 2-1). Individuals were randomized by
sex and mating pairs were infested 6 cm apart, with 10 to 13 pairs per bolt depending on
bolt circumference. Following infestation, bolts were inverted to allow for natural upward
gallery excavation. Infested bolts were either transported to field sites or placed in
laboratory incubators as described below.
Field Experiments
Experiment set-up
For the field reciprocal translocation experiment, we enclosed infested bolts
individually in escape-proof netting (Rothco, MPN 8088) and within 24 hours of
infestation, suspended each bolt ~ one meter above the ground in wooden A-frame
structures with metal covers at each location (Table 2-1; Appendix S1: Fig. S1-1). Prior
to infestation bolts were randomly distributed to their respective treatment groupings.
Nine bolts infested with the PUT population and nine bolts infested with the PAZ
population (18 bolts total per site) were placed at each of the three sites (54 bolts total).
Bolt location was randomized among three A-frame structures at each site such that there
was an equal number of PUT and PAZ infested bolts per A-frame (6 bolts per structure)
(Appendix S1: Fig. S1-1). Field experiments were initiated as follows: SUT: on 30 July
2016; SAZ-high: on 10 August 2016; SAZ-low: on 11 August 2016.
To capture thermal conditions at each field site, temperature probes were inserted
into the phloem on the south aspect of each infested bolt and temperatures were recorded
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hourly over the duration of MPB development and emergence (i.e., August 2016 to
August 2017) (CR1000, Campbell Scientific, Logan, UT). To describe environmental
effects, growing degree hours (GDH) >10°C and <0°C (i.e., cumulative heat and cold
units) and weekly maximum and minimum temperatures were calculated for each bolt
beginning on 12 August 2016.
MPB collection and trait measurements
Adult brood emergence at each site was monitored at least twice weekly
throughout emergence and daily during the weeks of peak emergence. We collected
individuals by bolt and transported them on ice to either Northern Arizona University,
Flagstaff, AZ, or the RMRS Laboratory in Logan, UT. Generation time for each
individual was calculated as the time difference between bolt infestation and brood adult
emergence. Generation time includes the time duration for mating, oviposition, egg,
larval, pupal and teneral adult (pre-emergent) development, in addition to a facultative
prepupal diapause. We considered generation time resulting in seasonally appropriate
(i.e., summer) adult emergence to represent higher relative fitness than a generation time
resulting in aseasonal emergence. Adult emergence synchrony is important to successful
mass attacks and colonization of new host trees (Logan and Bentz 1999). We define
emergence synchrony as the standard deviation in generation time across all individuals
of a population at a site, where a lower standard deviation suggests greater emergence
synchrony and therefore greater fitness (see section Statistical Analyses). Reproductive
success, a direct measure of fitness representing number of offspring produced, was
calculated as the number of emerged brood adults per bolt divided by the number of
successful galleries within the bolt, thereby compensating for uneven mating success and
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subsequent brood production among bolts. A parent gallery was considered successful
(and therefore included in the count) if the gallery length was greater than 10 cm (Eidson
et al. 2018), assuming that galleries less than 10 cm were the result of failed copulation
by the inserted mating pair. The subset of bolts sampled for cold-hardening (see below)
were not included in the determination of reproductive success, as the removal of larvae
altered the number of emerged brood.
To measure larval cold-hardening, individual larvae were collected from three
infested bolts per population at each field site three times throughout the annual
generation: (1) late November/early December 2016, (2) late January/early February
2017, and (3) late March/early April 2017. To account for temperature variability due to
bolt aspect, we randomly sampled MPB larvae on three aspects (N, SW, and SE) along
the bolt circumference, with each population at each site sampled from all three aspects
(one aspect per bolt) each sampling period. To extract larvae, the outer bark and phloem
were removed using a 15 cm hole-saw, and the wound was sealed with paraffin wax.
Larvae were placed in Petri dishes with filter paper and transported directly or overnightshipped on ice to the RMRS Laboratory in Logan, UT. Larval instar was determined
based on head capsule width (PUT: Logan et al. 1998; PAZ: Bentz unpublished).
Supercooling points (i.e., the temperature of hemolymph crystallization) (Lee
1989) of larvae were analyzed within 24 hours of collection. Supercooling points of
collected larvae were measured following the protocol of Bentz and Mullins (1999).
Briefly, the temperature of individual larvae was monitored while the environmental
temperature was lowered at a rate of ~1.5°C min-1. The supercooling point of each larvae
was estimated as the lowest recorded temperature prior to tissue freezing, which was
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observed as an increase in temperature (≥ 0.5°C) caused by the exothermic latent heat of
crystallization. MPB typically has four larval instars prior to pupation, and we observed
some combination of larval instars 2, 3, and 4 in cold-hardening samples taken in the fall,
winter and spring at each site. No other life stages were observed during sampling for this
study. To assess population source and environmental differences in life stage
development, we calculated a ‘developmental index’ by averaging instar number (i.e.,
instars 2, 3, 4) across all observed individuals at each field site and seasonal sampling
period.
Adult pronotal width was measured and sex determined (Lyon 1958) for 6,251
individuals (65% of total emerged brood adults). Individuals were collected for sex
determination and size measurement at least every 4 days, and every 2 days during peak
emergence. We measured pronotal width as a proxy for size (Kozol et al. 1988) using an
ocular micrometer to the nearest 0.01 mm.
Laboratory Experiments
We reared each population in laboratory incubators at a constant 18°C and 25°C
with a 12:12 hr. photoperiod (Appendix S1: Fig. S1-2). Optimal larval development in
the laboratory occurs at ~25°C for PUT (Régnière et al. 2012) and ~27°C for PAZ
(McManis et al. 2018). 18°C was used because it is the lowest temperature, in either
population, where the majority of individuals can develop directly to the adult stage
without induction of a facultative prepupal diapause (Bentz and Hansen 2017). Induction
of the prepupal diapause would delay development, and because the two populations
differ in diapause intensity (Bentz and Hansen 2017), the developmental delay would
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generate confounding differences between the populations. Four infested bolts of each
population were reared at 18°C and three bolts for each population were reared at 25°C.
Adult emergence from individual bolts was monitored daily. Generation time for each
individual brood adult and reproductive success per bolt were measured as described in
the section Field Experiments. Sex and pronotal size (mm) of 1,532 individuals (31% of
total emerged brood adults) were measured as described above, collected from a weekly
random population subsample.
Statistical Analysis
We tested for differences in fitness traits due to genetic (i.e., g, source
population), environmental (i.e., E, rearing site/temperature), and genetic-byenvironmental interaction (i.e., gE) effects. Our model is hierarchically structured with
normal distributions and is described as follows:
(𝑚𝑚)

(𝑚𝑚)

(𝑚𝑚)

(𝑚𝑚)

(𝑚𝑚)

𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑔𝑔𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑗𝑗𝑗𝑗 + 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(𝑚𝑚)

where 𝑔𝑔𝑗𝑗𝑗𝑗 represents the genetic effect of the ith population in the kth bolt for the mth
(𝑚𝑚)

trait, 𝐸𝐸𝑖𝑖𝑖𝑖 represents the environmental effect of the jth environment in the kth bolt for
(𝑚𝑚)

the mth trait, 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖 is the interaction between the genomic effect of the ith population in

the kth bolt and the environmental effect of the jth environment in the kth bolt for the mth
(𝑚𝑚)

trait, and 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the residual error associated with the lth observation of the kth bolt of
the jth population in the ith environment for the mth trait.

The model parameters g, E, and gE were drawn from normal distributions
centered around the mean and estimated variances of our data. Specifically:
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(𝑚𝑚)

μg 𝑖𝑖𝑖𝑖 ~ Normal (μgi, gσ2)
(𝑚𝑚)

μE𝑗𝑗𝑗𝑗 ~ Normal (μEj, Eσ2)
(𝑚𝑚)

μgE𝑖𝑖𝑖𝑖𝑖𝑖 ~ Normal (μgEij, gEσ2)

The model parameters were given normal, uninformative priors with wide
distributions. Specifically:
μgi, μEj, μgEij ~ Normal (0,1,000)
With the exception of the variance parameters, which were given modest,
Student-t prior distribution: Specifically:
gσ2, Eσ2, gEσ2 ~ Student-t (0,10)
We conducted all analyses in R version 3.3.2 (R Core Team 2018) by computing
Bayesian hierarchical models (accounting for variation between bolt replicates) for all
fitness traits via Markov chain Monte Carlo (MCMC) sampling. Packages “rstanarm”
(Gabry and Goodrich 2016) and “brms” (Bürkner 2017, 2018) were used to compute 4
MCMC chains for 2,000 iterations, discarding the first 1,000 iterations as burn-in and
sampling each iteration thereafter. All models were checked graphically for convergence
and Rhat (r̂) values (i.e., the Gelman–Rubin convergence diagnostic (Gelman and Rubin
1992)), a ratio of variation within and between MCMC chains, were equal to 1, indicating
thorough MCMC sampling and convergence of the posterior distributions.
To evaluate synchrony in the timing of adult emergence (i.e., the absolute value of
the number of days wherein 1 standard deviation of a population has emerged), we used
the posterior distribution of the standard deviation of the generation time parameter (see
Bolstad and Curran 2016). Generation time of all individuals within a population at a site
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were used, and a lower standard deviation implied greater emergence synchrony and
therefore greater fitness.
Using Bayesian MCMC estimates, a median estimate and quantified uncertainty
were derived for each model parameter. The median effect size (ES) and 95% Bayesian
credible intervals (CIBayes) were then calculated as the median difference in model
parameter estimates between populations, bounded by the range of values indicating the
equal-tail 95% credible interval of the true parameter estimate, given the data. ES
describes the magnitude of difference between populations, and the marginal probability
(MP) is the probability that a population’s fitness trait estimate is statistically different
(greater or less than, given the direction of the ES) than the comparison population. MP
was estimated by calculating the total number of parameter MCMC estimates greater (or
less) than the test comparison, divided by the total number of MCMC estimates. In the
results, differences between source populations are considered significant or credible
when MP > 95% (Ellison 2004).
RESULTS
Field Site Temperature Profiles
As expected, based on GDH heat and cold units (Fig. 2-2a) and observed
maximum and minimum phloem temperatures (Fig. 2-2b), SAZ-low was the warmest site
and SUT the coldest (Appendix S2: Table S2-1). On average, phloem temperatures at SAZlow

were warmer than SUT in the summer (3.3°C), fall (4.8°C), winter (8.0°C), and spring

(6.5°C). Overall, SAZ-low was an average of 5.5°C warmer than SUT across the duration of
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the study. Within sites, bolt phloem temperatures did not differ between populations with
respect to heat and cold units (Appendix S2: Table S2-2).
Reproductive Success
In the field experiment, we found genetic effects on reproductive success, except
at SAZ-high (Fig. 3a; Table 2-2). PUT reproductive success was greater than PAZ when
reared at its native site (SUT), but PAZ reproductive success was not different from PUT
reproductive success at SAZ-high (Table 2-2; Appendix S3: Table S3-1). Both PUT and PAZ
had greater reproductive success at SAZ-low, the warmer and lower elevation out-of-range
site, than at their natal sites. In the field, there were environmental effects for both
populations, with the exception of PUT reared in SAZ-high. Both populations had increased
success at SAZ-low, relative to SAZ-high, and the southern population had a decrease in
reproductive success at SUT relative to SAZ-high. The range of environmental effects on
reproductive success were greater in PAZ (effect size = 6.98 to 15.21) than PUT (effect size
= -0.36 to 4.52), and also greater than genetic effects (effect size = -0.34 to 6.28) (Table
2-2). In the laboratory reproductive success of both populations was greater at 18°C
compared to 25°C (Fig. 2-4a; Table 2-3; Appendix S3: Table S3-2).
Generation Time
For both populations at all field sites adult emergence occurred at seasonally
appropriate times in the summer (Fig. 5). PUT at the SAZ-low site was the earliest to emerge
(median = July 24, 2017) and PAZ at the SUT site was the latest to emerge (median =
August 28, 2017). Generation time, even at the warmest site (SAZ-low), required ~ one year
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from the time bolts were infested and placed at each site. Bivoltinism (i.e., two
generations in a single year) was not observed at any site. Sites were checked periodically
between December and June, and the first observed adult emergence occurred on 27 June
at the warm SAZ-low site, with median emergence at this site on 24 July. Therefore, the
fastest generation time for an individual was 322 days, although the median time was 349
days.
We observed genetic differences in generation time in both the field and
laboratory experiments. In the field experiment, PAZ developed slower than PUT at all
sites (median difference 10.5 to 15.7 days) (Fig. 2-3b; Table 2-2; Appendix S3: Table S31), and PAZ also developed slower than PUT at both 18°C and 25°C in the laboratory
experiment (median difference 15.7 to 39.2 days) (Fig. 2-4b; Table 2-3; Appendix S3:
Table S3-2). The slower PAZ generation time was associated with larger male and female
adult progeny size in both the field and laboratory (Figs. 2-3, 2-4; Appendix S4: Fig. S31, Tables S3-2, S3-3). Adults of both populations were larger at 18°C compared to 25°C
in the laboratory (Appendix S4: Fig. S4-1; Table S4-3).
Environmental effects on generation time were also observed in both populations
in the field and laboratory experiments. In the field experiment, the median generation
time of PUT was 35 days faster at the SAZ-low site and 29.3 days faster at SAZ-high than at
SUT, and 5.7 days faster at SAZ-low than SAZ-high (Table 2-2; Appendix 3: Table S3-1). PAZ
median generation time was 31.1 days faster at SAZ-low and 31.7 days faster at SAZ-high than
at SUT. PUT generation time differed between the two warmest sites, SAZ-high and SAZ-low,
but PAZ generation time did not differ between these sites (Table 2-2). PUT generation
time was also different between 18ºC and 25°C in the laboratory experiment, but PAZ
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generation time did not differ (Table 2-3; Appendix 3: Table S3-2). Our results
demonstrate both genetic and environmental effects on generation time. Environmental
effects observed between the coldest and warmest sites (effect size = 29.3 to 35.0) were 2
to 3 times greater than genetic effects (effect size = 10.5 to 15.7). Genetic-byenvironment interactions were only different between the warmer SAZ-low and SAZ-high sites
and 18°C and 25°C laboratory temperatures (Tables 2-2, 2-3).
Emergence Synchrony
In the field experiment, emergence synchrony (i.e., low standard deviation) was
greatest for PAZ at the SUT site, and the least in PAZ at SAZ-low (Fig. 2-3c; Table 2-2;
Appendix S3: Table S3-1). Effects due to the environment were only observed for PAZ,
which was less synchronous at SAZ-high and SAZ-low than at SUT. Genetic effects on
emergence synchrony were observed at all sites, with PUT showing less emergence
synchrony than PAZ at SUT, but greater emergence synchrony at both SAZ-high and SAZ-low
than PAZ. In the laboratory study, genetic effects in emergence synchrony were also
observed, although in this setting PUT exhibited environmental effects between 18°C and
25°C while PAZ synchrony was not different between these two temperatures (Fig. 2-4c;
Table 2-3; Appendix S3: Table S3-2). Emergence synchrony was greater in the field
experiment for both populations relative to the laboratory experiment. In the field
experiment, genetic effects on PUT emergence synchrony were greater than environmental
effects, although environmental effects were greater than genetic effects in PAZ (Table 22). Genetic-by-environment interactions were different between all field and laboratory
contrasts, except between the warmer field sites SAZ-low and SAZ-high (Tables 2-2, 2-3).
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Cold-hardening
Samples of both PUT and PAZ contained a majority of 4th instars in the fall and
winter samples at SAZ-low (Fig. 2-6; Appendix S5: Table S5-1). A majority of 4th instars
was not observed at the SUT and SAZ-high sites until the spring sample. Development was
therefore faster for both populations at the warmest site, SAZ-low, and both populations
overwintered at this site as a 4th instar. Overwinter life stages were a mix of 3rd and 4th
instars at the two cooler sites. PUT supercooling points were well below minimum
temperatures at the three field sites (Appendix S5: Fig. S5-1). By contrast, PAZ
supercooling points were closer to winter minimum temperatures, particularly at the SUT
site. Female proportion in the PUT population was greater at the coldest site (SUT)
compared to the intermediate temperature site (SAZ-high), and the same trend was observed
in the PAZ population (Appendix S5: Fig. S5-3; Tables S5-3, 5-4).
In the fall samples, supercooling points of PUT instar 3 and instar 4 were different
at the SAZ-high and SUT sites, and among all PAZ instars at the SUT site (Appendix S5: Table
S5-2). There were no differences in supercooling points among the instars in the winter
and spring 2017 sample periods at all sites (Appendix S5: Table S5-2). We analyzed
genetic and environmental sources of variation on cold-hardening using only winter
samples, and all individuals in these samples were pooled by site and population.
Based on winter samples, we found genetic variation in supercooling points at all
sites, with PAZ supercooling points higher than PUT at all sites (Fig. 2-3d; Table 2-2).
Environment also had an effect, and for both populations supercooling points were the
lowest at the coldest site (SUT) and highest at the warmest site (SAZ-low), although no
difference in supercooling point was observed for PUT between SAZ-high and SUT. Genetic-
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by-environment interactions were not different. The effect sizes of genetic (3.78 to 6.72)
and environmental (4.05 to 9.08) sources of variation in cold-hardening were similar
(Table 2-2).
DISCUSSION
Predicting responses to climate change remains a central challenge in ecology,
particularly for impactful species such as MPB which have the potential to affect large
geographic regions. Understanding and ultimately predicting such responses requires the
use of controlled experiments that tease apart specific trait-based responses to
environmental changes. Here we used a reciprocal translocation experiment to mimic a
changing climate and characterize the fitness response of MPB populations in a single
generation. In general, we found that MPB populations are highly resilient to singlegeneration changes in climate regimes, displaying sustained or amplified reproductive
success, with trait variation attributable to both population genetic differences and
environmental plasticity.
Reproductive Capacity and Climate Change
Our findings demonstrate that MPBs originating from high-elevation sites in the
core (PUT) and southern (PAZ) areas of its range are capable of reproducing with
synchronous, univoltine, and seasonally appropriate adult emergence when reciprocally
translocated. Reproductive success combined with seasonally appropriate adult
emergence in the reciprocal environments indicates that both populations are capable of
survival and reproduction in novel climates. PAZ had greater reproductive success (20.5
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adults per gallery) in its warmer natal environment than in the colder reciprocal
environment (13.6 adults per gallery), suggesting local adaptation, although PUT
reproductive success in the two environments was similar (~ 20 adults per gallery) (Fig.
2-3a). Most importantly, both populations had their greatest reproductive success at the
warmest site that was at a lower elevation than the current MPB range in AZ. The warm
out-of-range site was on average 5.5°C warmer than the coldest study site, which is
greater than the projected mean temperature increase in Pinus and MPB habitat through
2040 (see Bentz et al. 2019). These results suggest persistence and potentially increased
MPB population success under warming climatic conditions that provide similar seasonal
patterns as our study sites.
Despite favorable thermal conditions and suitable host trees, MPB activity has
been historically absent at warm, low-elevation sites in AZ (McHugh et al. 2003; Gaylord
et al. 2006; Lynch et al. 2006; Williams et al. 2008), suggesting that factors other than
direct temperature effects are operating at low-elevations at the southern US edge of the
species range. While abiotic factors are considered important to expansion of species
northern range boundaries (MacArthur 1972; Brown et al. 1996; Normand et al. 2009),
biotic factors have been suggested mechanisms that constrain species range limits near
southern boundaries (Kaufman 1995; Sax 2001; Gross and Price 2008). For MPB, these
biotic factors may include resource competition (Berryman 1974; Coulson 1979; Rankin
and Borden 1991), semiochemical interference with other phloephagous bark beetles
(Sánchez-Martı́nez and Wagner 2002; Negron et al. 2009; Hofstetter et al. 2012),
differential impacts of temperature on the symbiotic fungal community (Six and Bentz
2007; Moore and Six 2015), insect (Reeve 1997; Turchin et al. 1999) and avian predation
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(Steeger et al. 1998), host tree growth and vigor (Raffa and Berryman 1983) and host tree
chemistry that can inhibit MPB development and aggregation pheromone synthesis
(Erbilgin and Raffa 2000; Franceschi et al. 2005). Assessing these interactions,
specifically the role of competition among phloephagous bark beetles in attack and
colonization of southwestern type ponderosa pine, warrants further investigation.
Generation Time and Diapause
As expected for ectotherms, generation time was dramatically affected by
temperature in our field and laboratory experiments, with effect sizes of 3-4 weeks in
several contrasts. Both genetic and environmental variation influenced generation time,
although the effect sizes for environmental variation were generally 2-3 times greater.
Both source populations had faster generation times at the warmest relative to coldest
field sites, and in the laboratory PUT generation time was fastest at the warmest constant
temperature. Genetic factors were also prevalent. PUT, which evolved at the site with the
fewest GDH > 10°C, developed faster than PAZ at all three field sites and both
temperatures in the laboratory. The evolution of rapid generation times is not uncommon
for species adapted to cold habitats (Sgrò et al. 2016). The patterns we observed are also
consistent with countergradient variation wherein genetic influences on a trait oppose
environmental influences, thereby minimizing phenotypic change along a geographic
gradient (Conover and Schultz 1995). In MPB, the longer generation time of southern
populations is likely a result of selection pressure to maintain univoltinism (Logan and
Bentz 1999; Bentz et al. 2014). PAZ adults were also larger than PUT adults across all field
sites and constant temperatures in the laboratory, which is consistent with the hypothesis
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that longer development time should produce larger adult size (Roff 1992), although we
can not rule out nutritional affects due to the host tree. Generation time and adult size are
also influenced by MPB fungal symbionts (Bentz and Six 2006; Bleiker and Six 2014),
which may have been lost or gained in shifts to the novel environments. A better
understanding of fungal associates of the two MPB populations and their resiliency to
thermal changes is needed.
The greatest difference in generation time between the two populations occurred
at the warm, out-of-range site where PUT generation time was almost 16 days faster than
PAZ. The genetic-by-environment interactions between the two warmest field sites and the
two laboratory temperatures also highlights the differential responses of PUT and PAZ to
the warmest environment. In contrast to the evolved rapid generation time of PUT, PAZ
evolved at a relatively warm site where a relaxed generation time is considered an
adaptation for maintaining seasonality (Bentz et al. 2001; Bracewell et al. 2013; Bentz et
al. 2014). Instead of reducing generation time, warming can maintain or increase the time
required to complete a generation in populations such as PAZ with plastic physiological
responses that include diapause (Forrest 2016; Buckley et al. 2017). Diapause is a
common trait for maintaining synchrony, and one that is often locally adapted (Denlinger
2002).
Differences in induction cues and the intensity of a facultative prepupal diapause
have been previously shown for northern UT and central AZ MPB populations,
suggesting local adaptation for this trait that is induced by cool temperatures and serves
to reduce the probability that the cold-intolerant pupal stage will occur during winter
(Bentz and Hansen 2017; Bleiker and Smith 2019). Results from our translocation
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experiment, however, suggest that this prepupal diapause is likely not driving the
observed heritable variation in generation time or the lack of PAZ plasticity at the warmest
sites. At the warmest site both populations overwintered as majority late-stage larvae or
prepupae and remained in these stages at least through our last sample date in early April,
most likely in diapause. Moreover, northern UT MPB populations have a greater
diapause intensity and duration than central AZ beetles (Bentz and Hansen 2017),
suggesting that generation time in PUT individuals would have been longer if prepupal
diapause was the delaying factor. Heritable differences in generation time between the
source populations in our translocation experiment must instead occur in either the pupal
or teneral adult life stage. McManis et al. (2018) found few differences in egg and larval
development times between central AZ and northern UT populations in a laboratory
environment, and observed that central AZ pupae developed at warmer temperatures than
northern UT pupae. Pupal development of AZ populations at a warmer temperature
would tend to speed up rather than slow down generation time at the warmer sites.
Therefore, we concur with McManis et al. (2018) that the likely life stage responsible for
delayed generation time in PAZ, relative to PUT, is the teneral adult.
An obligatory or facultative reproductive diapause in teneral adults has been
observed or suggested for multiple Dendroctonus species (Ryan 1959; Chansler 1967,
Langor and Raske 1987; Safranyik et al. 1990; McKee and Aukema 2014). Observed
adult diapause in these species occurs during winter. An adult winter diapause in D.
ponderosae was suggested by Lester and Irwin (2012), but has not been verified. A
winter adult diapause would not, however, explain the generation time differences we
observed between the two populations in our study, as both overwintered as late stage
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larvae and prepupae. Although it has not been investigated for any Dendroctonus species,
summer adult diapause is common among Coleoptera and other Curculionidae (Masaki
1980). For example, optimal summer adult diapause developmental temperatures in the
weevil Hypera brunneipennis were in the range of 20° to 25°C (Madubunyi 1978). In
another example, locally adaptive adult diapause was observed in the moth Mamestra
brassicae, where summer diapause was virtually absent in northern populations and both
its incidence and duration increased in populations at southern locations (Masaki 1980).
Our results suggest that MPB has a previously unidentified teneral adult summer
diapause that is manifest in the PAZ, but not PUT population. Genetic-by-environment
interactions that also support this hypothesis include: 1) in the field, PAZ generation time
did not differ between the two warmest sites, although PUT generation was accelerated at
the warmest site; 2) in the laboratory, PAZ generation time did not differ between the two
constant temperatures, but PUT generation time was accelerated at the warmest
temperature; and 3) in the laboratory, PAZ generation time did not vary across
temperatures but PAZ adult size was larger at 18°C compared to 25°C. This result
suggests that a warm temperature induced diapause delayed PAZ adult development but
did not affect its size, similar to a phenomena observed in grasshoppers (Buckley et al.
2015). An evolved adult summer diapause that serves to relax development time during
long growing seasons, thereby maintaining univoltinism as we observed, could be
maladaptive if a reduction in generation time is more advantageous as climate warms
(Forrest 2016).
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Emergence Ssynchrony
Synchrony of adult emergence from brood trees is critical to successful MPB
mass attacks on trees (Logan and Bentz 1999; Safranyik and Carroll 2006). Variation in
emergence synchrony was influenced by source population in both the field and
laboratory experiments. Emergence synchrony of PUT was less (i.e., greater standard
deviation) than PAZ at the coolest site and also at the coolest temperature (18°C) in the
laboratory. PUT emergence synchrony was not influenced by environmental variation
among field sites, but in the laboratory emergence synchrony declined at 18° relative to
25°C. The opposite trend was observed for PAZ where environmental variation did not
influence synchrony in the laboratory, but did in the field. In the laboratory, low
emergence synchrony in PUT at 18°C could be due to a portion of the population entering
the facultative prepupal diapause, whereas 18°C is above the upper threshold for prepupal
diapause induction in PAZ (Bentz and Hansen 2017). If some PUT individuals entered the
prepupal diapause in the laboratory and some did not, a larger standard deviation in
emergence timing, as was observed, would occur. In PAZ the lack of environmental
variation in emergence synchrony in the laboratory mirrors the negligible variation in
generation time across temperatures in the laboratory, suggesting, as described above, a
role for warm temperature-induced adult diapause. The large differences in genetic and
environmental effects on the two populations that differ between the field and laboratory,
including greater emergence synchrony in the field relative to the lab, suggest that
environmental cues in the field environment are important to synchrony, and that
population response to fluctuating vs. constant temperatures differs (Colinet et al. 2015).
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Cold-hardening
In recent years, warming temperatures have facilitated MPB persistence at high
elevations (Weed et al. 2015; Buotte et al. 2016) and expansion northward in Canada
(Carroll et al. 2004; Sambaraju et al. 2012; Goodsman et al. 2018), causing enormous
impacts to ecosystem goods and services (Morris et al. 2018). A critical trait affecting
such persistence and expansion is cold-hardening, which allows overwintering life stages
to survive ambient temperatures well below freezing. Cold-hardening in the MPB
involves the production of antifreeze compounds, including glycerol, in response to
thermoperiodic cues (Bentz and Mullins 1999; Fraser et al. 2017; Thompson et al. 2019),
dynamic processes that occur with high energetic cost (Danks 1987; Lee 1989).
Supercooling points in MPB, indicative of the extent of cold-hardening, have been shown
to differ geographically among populations in the field (Bentz and Mullins 1999), as has
been observed in many other insect species with large geographic distributions (Kukal
and Duman 1989; Shintani and Ishikawa 2002; Elkinton et al. 2017). However, studies on
the degree of heritability and plasticity for this trait are limited, and absent for MPB. Here
we were able to demonstrate, for the first time, that supercooling points in MPBs are
influenced both by genetic and environmental factors, with similar effect sizes. In our
winter sample, PUT, originating from the coldest of the three sites, had supercooling
points that were consistently lower than PAZ at all three field sites, indicating an evolved
capacity for greater cold-hardening. Genetic adaptation of PAZ to relatively warm winter
conditions was evident in its reduced supercooling capacity, compared to PUT, across all
sites. Moreover, when compared to the similar reproductive success of the two
populations in the laboratory, low reproductive success of PAZ at the coldest site was
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likely due to inadequate cold-hardening and excess winter mortality. The higher
proportion of females in both populations at the coldest site also suggests that males were
more susceptible to stressful thermal extremes (James et al. 2016). Supercooling points in
both source populations were consistently highest at the warmest sites illustrating how
environmental conditions can dictate facultative metabolic investment in antifreeze
compounds (Lee 1989).
Fitness benefits of cold-hardening occur when supercooling points are low
enough to allow survival, so the degree of cold-hardening must be considerably lower
than the average winter temperatures at a site. Although the relatively high supercooling
points in PAZ at SUT did not preclude reproductive success in this particular year, average
mid-winter PAZ supercooling points were 2.72°C warmer than the lowest recorded
minimum phloem temperature at the SUT site. By contrast, PUT average mid-winter
supercooling points were 2.25°C colder than the lowest minimum temperature at the SUT
site. This finding indicates that northward movement of PAZ is likely to require adaptive
evolution to persist through colder winters. Climate change has already increased
minimum temperatures in northern latitudes (Easterling et al. 1997), which will reduce
the amount of adaptive evolution necessary for persistence of migrants from warmer
climates. PUT supercooling points in the middle of winter at the warmest site were 7.6°C
colder than the lowest minimum temperature at that site, reflecting an unnecessary and
maladaptive energetic investment in cold-hardening. However, as climate change is also
expected to increase temperature variability (Stouffer and Wetherald 2007), apparent
overinvestment in supercooling may serve as an adaptive buffer in highly variable years.
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Conclusion
Pinus habitat within the MPB range is projected to increase by 1 to 3°C between
the periods 1981-2010 and 2011-2040 depending on season, latitude and elevation (Bentz
et al. 2019). A central question in ecology is how the changing environmental conditions
will influence population persistence and range shifts. Using a reciprocal translocation
experiment with populations representative of the core and southern edge of the MPB
distribution, we found evidence for local adaptation and extensive plasticity in key fitness
traits that will sustain population persistence in these regions as temperatures warm. Our
results indicate a low likelihood of MPB extinction with warming temperatures that are
within the seasonal thermal regime of our study, as survival followed by natural selection
in subsequent generations will facilitate future adaptation to warming environments.
However, range retraction of suitable host trees as a result of warming temperatures could
affect MPB persistence at its southern range.
Both source populations showed their greatest reproductive success at a site that is
at a lower elevation than the current MPB range in AZ, and was warmer than both
sources. Absence of MPB activity in the historical records from this low-elevation site
suggests that factors other than direct temperature effects are controlling population
presence and spread southward in low-elevation Pinus. Pinus also extend south of the US
into Mexico and Central America, but MPB activity in these areas has been limited or
absent. Our results suggest a capacity for MPB to persist with warming in Pinus hosts
found in the core of its range and high-elevation Pinus in its southern range, although
migration further south into Mexico may be hampered by the fragmented occurrence of
high-elevation pines (Menon et al. 2018). The potential to expand into lower elevation
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forests at the southern range edge, and further southward, may also be limited, but likely
by biotic interactions rather than direct temperature effects.
Neither population developed on a bivoltine lifecycle, even at the warm, lowelevation and out-of-range site where both populations overwintered in the last larval
instar prior to pupation. These results support previous studies suggesting that a coldinduced prepupal diapause limits MPB bivoltine lifecycles in habitats with relatively cold
winter temperatures (Bentz et al. 2014; Bentz and Powell 2014). Moreover, multiple
results from our study suggest that MPBs from the high-elevation AZ site have a warminduced adult summer diapause that was not manifest in UT beetles and has likely
evolved to maintain univoltinism and seasonality in the prolonged growing season at this
site. The potential for bivoltinism, therefore, will be dictated by the different cues that
induce diapause in the two populations. Loss of seasonality and population success may
also occur if diapause cues are disrupted in a warming climate. As warming continues, an
understanding of limits to the observed plasticity and genetic variation in multiple traits
will be required to project future thermal regimes that maintain seasonality (Bentz et al.
2019) and allow population persistence and expansion.
Data Availability
Data are available from the Dryad Digital Repository:
Soderberg 2020): https://doi.org/10.5061/dryad.bnzs7h47g
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TABLES
Table 2-1. Field sites and D. ponderosae population source locations.
Site

Source
Population

Host Tree

Location

Latitude

Longitude

Elevation
(m.)

SUT

PUT

P. flexilis

Logan Canyon,
Wasatch-Cache
NF, UT

41.9319

-111.447

2204

SAZ-

PAZ

P.
strobiformis/flexilis
hybrid

Lockett
Meadow,
Coconino NF,
AZ

35.3586

-111.6208

2604

-

-

Centennial
Forest,
Coconino NF,
AZ

35.1498

-111.7156

2106

high

SAZ-low

NOTE. – United States Forest Service, National Forest (NF) locations where D.
ponderosae populations (P) were collected in Utah (UT) and Arizona (AZ). Collection
sites (S) were also used as the field sites for the reciprocal translocation experiment. Live
trees for rearing each population were harvested within 4 kilometers of the
collection/rearing sites.

Table 2-2. Field experiment Bayesian model fitness trait comparison estimates: reproductive success, generation time, emergence
synchrony, and supercooling point.
Field experiment
Population

Reproductive success
(number emerged)
ES
MP
(95% CIBayes)
(%)

MP
(%)

Emergence synchrony
(SD Days)
ES
MP
(95% CIBayes)
(%)

Supercooling point
(°C)
ES
MP
(95% CIBayes)
(%)

ES
(95% CIBayes)

SAZ-low vs SAZ-high

4.15 (0.46, 7.69)

98.5

-5.7 (-8.5, -2.8)

100

0.11 (-0.20, 0.43)

75.6

7.30 (3.28, 11.75)

100

SAZ-high vs SUT

-0.36 (-0.36, 3.90)

56.6

-29.3 (-32.3, -26.3)

100

-0.14 (-0.49, 0.20)

79.5

-0.00 (-0.05, 0.05)

71.1

SAZ-low vs SUT

4.52 (1.62, 7.32)

100

-35.0 (-38.0, -32.1)

100

-0.04 (-0.33, 0.27)

59.4

-0.00 (-0.05, 0.05)

99.9

SAZ-low vs SAZ-high

8.21 (5.39, 10.99)

100

-0.5 (-3.3, 2.3)

62.4

0.27 (-0.03, 0.58)

96.5

5.00 (0.79, 9.01)

98.7

SAZ-high vs SUT

6.98 (4.37, 9.48)

100

-31.1 (-34.0, -28.3)

100

2.31 (1.88, 2.39)

100

4.05 (-0.24, 8.20)

96.9

SAZ-low vs SUT

15.21 (12.54, 17.90)

100

-31.7 (-34.5, -28.6)

100

2.41 (2.14, 2.69)

100

9.08 (4.78, 13.3)

99.9

SUT

6.28 (3.71, 9.24)

100

-12.4 (-15.3, -9.2 )

100

1.50 (1.22, 1.79)

100

-3.78 (-7.85, 0.59)

96.2

SAZ-high

-0.34 (-3.98, 3.57)

57.0

-10.5 (-13.4 , -7.7 )

100

-0.78 (-1.10, -0.45)

100

-6.72 (-10.95, -2.65)

99.7

SAZ-low

-4.42 (-7.22, -1.58)

100

-15.7 (-18.7, -12.9)

100

-0.94 (-1.23, -0.66)

100

-4.42 (-8.49, -0.20)

98.1

SAZ-low vs SAZ-high

-4.10 (-8.68, 0.42)

96.3

-5.2 (-9.3, -1.1)

99.7

-0.17 (-0.61, 0.26)

73.2

2.27 (-3.22, 8.37)

78.9

SAZ-high vs SUT

-6.48 (-11.03, -2.05)

99.9

1.8 (-2.1, 6.0)

81.0

-2.28 (-2.72, -1.85)

100

-2.99 (-9.00, 3.00)

85.1

SAZ-low vs SUT

-10.64 (-14.58, -6.80)

100

-3.3 (-7.6, 0.8)

94.6

-2.44 (-2.86, -2.04)

100

-0.66 (-6.46, 5.23)

59.2

Site

Generation time
(Days)

Environment (E)

PUT

PAZ

Source population (g)

PUT vs
PAZ

Relative environmental effects (gE)

PUT vs
PAZ

60

NOTE. – Field experiment Bayesian model estimates testing the genetic (g; PUT, PAZ), environmental (E; SAZ-low, SAZ-high, SUT), and
genetic-by-environmental (gE) effects of mountain pine beetle fitness traits of reproductive success (number emerged per
successful gallery), supercooling point, generation time (time from infestation to emergence), emergence synchrony (defined
as the standard deviation of generation time), and supercooling point. The median effect size (ES) and 95% Bayesian credible
intervals (CIBayes) are shown. The marginal probability (MP) is the probability that pairwise comparisons are statistically
different, given the direction of the ES.
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Table 2-3. Laboratory experiment Bayesian model fitness trait comparison estimates:
reproductive success, generation time, and emergence synchrony.
Laboratory experiment
Population

Temperature

Reproductive success
(number emerged)
ES
MP
(95% CIBayes)
(%)

Generation time
(Days)

ES
(95% CIBayes)

MP
(%)

Emergence synchrony
(SD Days)
ES
MP
(95% CIBayes)
(%)

Environment (E)
PUT

25°C vs
18°C

-5.94 (-10.37, 1.76)

99.4

-24.1 (-31.1, -18.6
)

100

-2.99 (-3.84, -2.21)

100

PAZ

25°C vs
18°C

-3.95 (-7.99, 0.12)

97.9

-1.3 (-8.0, 5.1)

62.4

0.17 (-0.41, 0.77)

62.4

-1.13 (-4.97, 2.76)

72.4

-15.7 (-21.8, -9.7)

75.4

3.79 (3.04, 4.56)

100

Source Population (g)
PUT vs
PAZ

18°C

-3.18 (-7.48, 1.29)
Relative environmental effects (gE)

91.8

-39.2 (-45.8, 32.6)

50.2

0.62 (-0.04, 1.32)

99.7

PUT vs
PAZ

25°C vs
18°C

75.1

-23.6 (-32.8, 14.2)

100

-3.17 (--4.19, 2.17)

100

25°C

2.05 (-3.72, 7.82)

NOTE. – Laboratory experiment Bayesian model estimates testing the genetic (g; PUT,
PAZ), temperature (E; 18°C, 25°C), and genetic-by-environmental (gE) effects of
mountain pine beetle fitness traits of reproductive success (number emerged per
successful gallery), generation time (time from infestation to emergence), and emergence
synchrony (defined as the standard deviation of generation time). The median effect size
(ES) and 95% Bayesian credible intervals (CIBayes) are shown. The marginal probability
(MP) is the probability that pairwise comparisons are statistically different, given the
direction of the ES.
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FIGURES

Fig. 2-1. Distribution of mountain pine beetle1 and Pinus2 within North America, that
includes recent population expansion in British Columbia and Alberta, Canada (right).
Design of the field translocation experiment in the southwestern United States (left).
Mountain pine beetle were reciprocally translocated between sites in Utah (SUT) and
Arizona (SAZ-high), as well as to their original source sites. Mountain pine beetle from both
sites were also translocated to a third site (SAZ-low). Insect groups used in these
experiments were designated PAZ and PUT, referring to source populations.
Note: 1 United States: USDA Forest Service, Regional State and Private Forestry; British
Columbia,
Canada: https://www.for.gov.bc.ca/ftp/HFP/external/publish?Aerial_Overview/); Alberta,
Canada: mountain pine beetle detailed Aerial Survey Data, Forest Health and Adaptation
Section, Government of Alberta
2
Little et al. 1971
(https://www.fs.fed.us/database/feis/pdfs/Little/aa_SupportingFiles/LittleMaps.html).
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Fig. 2-2. a) Cumulative heat (growing degree hours >10°C) and cold (<0°C) units based
on phloem temperatures of infested bolts at three field sites (SUT, SAZ-high, SAZ-low) (9 bolts
per population per site). Temperatures are shown in chronological order of mountain pine
beetle generation time (i.e., August 2016 through July 2017). Shown are the mean (± SE)
among 18 bolts at each site. b) Weekly maximum and minimum phloem temperatures at
the SUT, SAZ-high, and SAZ-low field sites during the study from August 2016 to August
2017. See TABLE 2-1 for field site information.
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Fig. 2-3. Fitness trait reaction norms of two mountain pine beetle populations, PUT and
PAZ, when reared in the field at the SUT, SAZ-high, and SAZ-low sites (see Table 1). Sites are
plotted in order of latitude and relative bolt phloem growing degree-hour (GDH)
accumulations >10°C. Shown are the mean (± 95% CIfreq, CIBayes for emergence
synchrony) among nine bolts per population at each site. Asterisks are shown where
genetic differences (i.e., due to source population) were different (>95% MP) at a field
site (see Table 2). Panels present mountain pine beetle fitness traits of a) Reproductive
success (number emerged per successful gallery), b) generation time (time from
infestation to emergence), c) emergence synchrony (defined as standard deviation of
generation time), and d) supercooling point.
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Fig. 2-4. Fitness trait reaction norms of two mountain pine beetle populations, PUT and
PAZ, when reared in the laboratory at two constant temperatures (18ºC and 25ºC) and a
12:12 hr. photoperiod. Shown are the mean (±95% CIfreq, CIBayes for emergence
synchrony) model estimates among 4 bolts per population at 18ºC, and 3 bolts per
population at 25ºC. Asterisks are shown where genetic differences (i.e., due to source
population) were credibly different (>95% MP) at a laboratory temperature (see TABLE
2-3).
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Fig. 2-5. Emergence timing of two mountain pine beetle populations, PUT and PAZ, from
infested bolts placed at three field sites (SUT, SAZ-high, SAZ-low) (see Table 1). Field
experiment initiation dates: SUT: 30 July 2016; SAZ-high: 10 August 2016; SAZ-low: 11
August 2016.
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Fig. 2-6. Mountain pine beetle developmental index (based on four larval instars) in the
fall (i.e., November) 2016, winter (i.e., February) 2017, and spring (i.e., March and April)
2017 at three field sites SUT, SAZ-high, and SAZ-low (see Table 1). Shown are the mean (±
95% CIfreq) among three bolts of the a) PUT and b) PAZ populations.
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CHAPTER 3
CHEMICAL DEFENSE STRATEGIES AND TRADEOFFS AMONG AND WITHIN
CO-OCCURRING PINUS ARISTATA AND PINUS FLEXILIS
ABSTRACT
Resource allocation strategies are central to our understanding of evolutionary
ecology. In plants, tradeoffs between fitness traits are invoked to explain the evolution of
various strategies targeted at resisting herbivores and pathogens. Pinus species have high
levels of chemical defenses and are model candidates for assessing resource allocation
tradeoffs. We investigated growth and secondary metabolite (SM) defenses in P. aristata
relative to co-occurring P. flexilis to gain insight into the evolution of defenses in these
long-lived species with contrasting growth rates. We sampled sites spanning the range of
P. aristata, focusing on stands with co-occurring P. flexilis, to describe variability in
defense strategies among and within the species, with the addition of P. contorta at a
single site. We also assessed timing of an induced defense response by sampling at 1, 4,
and 30 days following a simulated mountain pine beetle (Dendroctonus ponderosae,
MPB) attack using the fungal symbiont Grosmannia clavigera. The slowest grower, P.
aristata, invested the most in constitutive SMs compared to both other species, but also
induced overall greater SM concentrations than the faster-growing P. flexilis. Induced
response timing was slow, with no specific response to simulated MPB attack within 4
days, and greatest at day 30 in all species, suggesting that SM defense induction is likely
not targeted at the initial attackers. Further, by day 30 induced SM response levels were
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40x greater than constitutive levels, with evidence for upregulation of specific
compounds putatively targeted at MPB and its fungal associates.
INTRODUCTION
Plants synthesize a diversity of secondary metabolites (SM) to defend against
herbivores and pathogens (Bennett and Wallsgrove 2006). Defenses may be constitutive
(i.e., always present) or induced (i.e., upregulated in response to a biotic challenge)
(Karban and Baldwin 1997; Rasmann and Agrawal 2011), and both can be costly to
produce (Van Dam and Baldwin 1998; Agrawal et al. 1999; Strauss et al. 2002; Cipollini
and Heil 2010). Inducible secondary metabolite defenses, measured as the absolute
change in concentration following induction, are hypothesized to minimize costs of
defense because they are allocated only when needed (Karban and Myers 1989; Karban
and Baldwin 1997; Heil and Baldwin 2002). Additionally, in systems with specialist
herbivores long-term relationships may increase the selective opportunity for specific
host defenses (Mattson et al. 1988). Documenting and explaining patterns in inter- and
intraspecific variation in plant defenses has long been of interest to ecologists.
Hypotheses to explain such variation primarily involve tradeoffs in allocating limited
resources among fitness-enhancing traits, including growth (reviewed by Stamp 2003),
and abiotic (e.g., resource availability) and biotic (herbivore and pathogen pressure)
environments are key factors that influence the tradeoffs. Abiotic and biotic stressors
have been demonstrated to drive interspecific (Coley et al. 1985; Herms and Mattson
1992; Fine et al. 2004; Moreira et al. 2014) and intraspecific variation in traits and
potential tradeoffs (Rasmann et al. 2014; Hahn and Maron 2016; López-Goldar et al.
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2018; Hahn et al. 2019). Although multiple frameworks for describing plant defense
strategies have been theorized, a central tenet is that selection has optimized allocations
such that fitness benefits outweigh the costs of defense (Coley et al. 1985; Herms and
Mattson 1992; Cippolini et al. 2014).
Current growth-defense hypotheses are based on the notion that plants are adapted
to resource availability in their environment and that investment in growth and defense
are mutually exclusive (Coley et al. 1985; Herms and Mattson 1992; Endara and Coley
2011). Across species, inherently slow-growing plant species adapted to resource-limited
environments are less able to replace tissue lost to herbivory relative to fast-growing
plants adapted to resource-rich environments and are putatively selected to deter
herbivory by investing more heavily in defenses. As more plant resources are allocated to
growth in high-resource and highly competitive environments, the relative level of
defense investment is hypothesized to decrease, resulting in tradeoffs between growth
and secondary metabolites used in defense against herbivory (Karban and Baldwin 1997;
Grime 2006). Although numerous studies have demonstrated a growth-defense tradeoff
(i.e., negative correlation) among species that have adapted to specific resource habitats
(Mooney et al. 2010; Sampedro et al. 2011; Züst et al. 2015), others have found positive
or neutral correlations between growth and defense (Almeida-Cortez et al. 1999). These
results suggest that while there is evidence that defenses are costly, the effect of these
costs on plant fitness is likely dependent on the biotic and abiotic environment (Cipollini
et al. 2014; de la Mata et al. 2017; Karban 2020).
Growth-defense patterns within plant species often differ from patterns found
among species (Hahn and Maron 2016). Variation in growth and defense traits is also
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common among and within populations, particularly in species that have distributions
across widely varying environmental gradients (Herms and Mattson 1992; Hahn and
Maron 2016). Patterns observed and potential tradeoffs among traits, however, may vary
with the level of biological organization, leading to scale-dependent trait associations
(Agrawal 2020). Populations within a species are likely to span smaller spatial scales and
experience less resource variation than comparisons of multiple species. This, along with
gene flow among populations, is likely to result in subtle evolutionary changes among
populations rather than the evolution of alternative strategies for balancing carbon
allocation to growth and defenses as found among species (Hahn et al. 2019). Therefore,
smaller differences in trait means among populations within a species, relative to among
species, are expected. Unlike interspecific comparisons, intraspecific relationships
between growth and defense may be positive or neutral with growth and defense often
increasing with resource availability (Woods et al. 2012; Hahn and Maron 2016; LópezGoldar et al. 2020).
Due to the associated costs of each strategy, maximizing both constitutive and
inducible defense strategies would seem redundant, so a tradeoff between levels of
constitutive and inducible defenses is predicted both among and within plant species
(Herms and Mattson 1992; Bingham and Agrawal 2010; Kempel et al. 2011). Empirical
studies among species have shown tradeoffs (Koricheva et al. 2004; Van Zandt 2007;
Kempel et al. 2011), no tradeoffs (Brody and Karban 1992; Karban and Baldwin 1997),
or mixed results (Lankau and Kliebenstein 2009). Similarly, constitutive and induced
defense concentrations within species have shown negative correlation (Gianoli 2002),
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positive correlation (Rasmann et al. 2011), and mixed correlations dependent on the
growing environment (Rasmann et al. 2014).
Species in the genus Pinus (pines) are among the longest-lived organisms,
deploying large amounts of carbon-based SM (e.g., terpenes) for both constitutive and
induced defense (Phillip and Croteau 1999; Franceschi et al. 2005; Witzell and Martin
2008; Sampedro et al. 2011) using an integrated network of vertically (i.e., axial) and
horizontally (i.e., radial) interconnected resin ducts that traverse both the secondary
xylem and phloem (Bannan 1936; Langenheim 2003; Peter 2018). Many pine species
have evolved relationships with specialist herbivores that feed and reproduce within the
inner bark or phloem (Franceschi et al. 2005). A key herbivore of most North American
pine species is the mountain pine beetle (MPB) (Dendroctonus ponderosae Hopkins,
Coleoptera: Curculionidae, Scolytinae), an ecologically and economically significant tree
mortality agent in western North America that feeds upon and reproduces within the
phloem, often killing the host tree in the process (Raffa et al. 2008). Following adult
emergence from brood trees and acceptance of a new susceptible host tree, aggregation
pheromones that rapidly attract conspecifics are released in an attempt to overwhelm tree
defenses. A successful mass attack enables host tree colonization and subsequent brood
production. Upon attack, which can peak within a few days (Bentz et al. 1996) and be
sustained for a month or more (Bentz et al. 2014), most pine species produce a resinous
induced response that contains SM, including monoterpenes (MT) and sesquiterpenes
(ST) and their derivatives, and phenolics, that are toxic to adult beetles and their offspring
(Reid and Purcell 2011; Chiu et al. 2017; Reid et al. 2017). SMs are also toxic to beetleassociated fungi and bacteria (Paine and Hanlon 1994; Raffa and Smalley 1995; Adams
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et al. 2011) that can act in concert with MPB to neutralize host defenses (Solheim 1995;
Six and Wingfield 2010). MPB-associated fungi that are inoculated into trees during the
attack process also provide vital nutrients to developing brood (Bentz and Six 2006;
Bleiker and Six 2007). MPB can synthesize some aggregation pheromone precursors de
novo (Chiu et al. 2018), but also coopt pine resin defenses as precursors for the
aggregation pheromones that aid in the mass attack process (Seybold et al. 2006). While
it is known that pines have induced responses, few studies have quantified the rate of
induced chemical defense response within a few days of initial attack (e.g., Raffa and
Berryman 1983; Bentz et al. 2015), with the majority analyzing induced defense timing
between 7 and 30 days following simulated attack (Villari et al. 2014; Keefover-Ring et
al. 2016; Cale et al. 2017; Raffa et al. 2017).
Considerable variability exists in constitutive SM defense strategies among and
within pine species, with differences in concentrations (Latta et al. 2003; Thoss et al.
2007; Clark et al. 2012; Raffa et al. 2013; Bentz et al. 2017), as well as distinct chemical
combinations (i.e., ‘chemotype’) (Forrest 1980; Latta et al. 2003; Thoss et al. 2007; Davis
and Hofstetter 2012; Taft et al. 2015). Inducible defenses, in terms of absolute abundance
and proportions of specific SM, also vary between (Clark et al. 2014; Erbilgin et al.
2017a; Raffa et al. 2017) and within (West 2013; Villari et al. 2014) pine species. Studies
that have examined relationships between growth and defense or constitutive and
inducible defenses in pines have also shown variability across levels of taxonomic scale
(Howe et al. 2020). A tradeoff between constitutive and inducible SM was found among
seedlings of 18 pine species sourced from across a latitudinal cline with varying
resources (Moreira et al. 2014). Moreira et al. (2014) also found interspecific differences
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in resource allocation strategies between growth and both constitutive and induced
defenses. At a lower taxonomic scale, pine populations of multiple species with high
levels of constitutive MT defenses also exhibited high levels of inducible MT responses,
suggesting a lack of tradeoffs between the defense types (Howe et al. 2020). Across
populations of P. pinaster Ait. López-Goldar et al. (2020) found tradeoffs between
constitutive and inducible concentrations of phenolics, but not MT, and also between
constitutive resistance and growth. A strong influence of resource availability on
genetically-based patterns of adaptive variation in defense traits was also observed
among P. pinaster populations (López-Goldar et al. 2020), although Howe et al. (2020)
found no geographically directional pattern in constitutive and induced defense patterns
among populations of multiple pine species. At the level of a single population, P.
sylvestris L. growing at a single site demonstrated either a positive or neutral relationship
between constitutive and inducible defense concentrations, no correlation between
growth rate and inducible defenses, and a positive correlation between growth rate and
constitutive terpenoids, but not phenolics, suggesting no tradeoffs in these traits (Villari
et al. 2014). Within families of P. contorta, half-siblings showed a tradeoff between
constitutive and inducible SM (Howe et al. 2020). While it is clear that pines have
significant SM defenses against phloem-feeding herbivores, there remains a lack of
understanding in how the defense type and potential growth tradeoffs may vary not only
among pine species but also among populations of pines that grow across heterogeneous
environmental gradients.
In addition to well-defined defenses, Pinus species can have widely varying
growth rates (Burns and Honkala 1990; Keeley 2012) and include some of the world’s
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oldest trees with the slowest growth rates (Piovesan and Biondi 2021). Great Basin
bristlecone pine (P. longaeva Bailey), a particularly long-lived and slow-growing species
found in low-resource environments, has been shown to have higher levels of constitutive
defenses compared to the relatively faster-growing and co-occurring limber pine (P.
flexilis James) (Bentz et al. 2017), consistent with interspecific predictions about
tradeoffs. Foxtail pine (P. balfouriana) and Rocky Mountain bristlecone pine (P.
aristata) are close relatives of P. longaeva (Bailey 1970), comprising the long-lived
Balfourianae subsection of Pinus (Eckhart and Hall 2006; Lanner 2007). While P.
balfouriana was also found to have high levels of constitutive defenses relative to P.
flexilis (Bentz et al. 2017), defense strategies and potential tradeoffs within P. aristata are
unknown.
Our goal was to investigate defenses of P. aristata relative to co-occurring P.
flexilis, within the growth-defense framework, to gain insight into the evolution of plant
defenses in these long-lived species. We assessed growth rates and the concentration,
composition, and timing of constitutive and induced SM defenses. By sampling
individuals of both species within the same stands across the entire range of P. aristata,
we controlled for resource availability in comparisons among species in addition to
within species relationships across varying environmental conditions. Similar to its close
relatives P. longaeva and P. balfouriana, we expected P. aristata to have slower growth
and higher constitutive defenses, relative to co-occurring P. flexilis. Although induced
defenses are not well understood for P. longaeva, P. balfouriana, and P. flexilis, we
expected to see a tradeoff in defense strategies, with low induced response in P. aristata
due to its putatively slower growth rate, and high induced response in P. flexilis due to its

76
relatively faster growth rate and low levels of constitutive compounds (Bentz et al. 2017).
Within species, we expected an absence of tradeoffs between growth and defense and
constitutive and inducible SM, in addition to intraspecific variability in chemotypes, due
to the varying environments. Pinus contorta Douglas co-occurred with P. aristata and P.
flexilis at one site and was also sampled because it is a common host of MPB that has
been a focus of previous pine defense studies. The early timing of the induced response in
the species was also assessed across species and populations. A rapid, yet sustained, MPB
attack sequence (Bentz et al. 1996, 2014) could result in a defense strategy where
induction is rapid following initial attack or is initially slow but increases over time with
sustained attacks (Fig. 3-1). We specifically hypothesized that:
H1) Timing of induction. Induced responses to simulated MPB attack will be
rapid (within one to four days) to defend mass attack. Some compounds, that
putatively confer toxicity to MPB and its fungal associates, will be upregulated
more than others.
H2) Growth-defense tradeoffs. Slower-growing species will invest more in
constitutive defenses (relative to induced defenses) than faster-growing species.
Among populations, neutral or positive relationships between growth rate and
constitutive defenses are expected.
H3) Constitutive-induced tradeoffs. Species with high concentrations of
constitutive defenses will invest less in inducible defenses. Among populations,
neutral or positive relationships between constitutive and induced defenses are
expected.

77
METHODS
Site and Tree Selection
We assessed geographic and temporal variation of constitutive and induced
phloem SM defenses among and within P. aristata and P. flexilis. To control for
environmental effects in interspecific comparisons, five study sites were chosen across
the range of P. aristata in stands with co-occurring P. flexilis (Fig. 3-2). All sites were at
elevations > 2740 meters spanning a latitudinal gradient (Table 3-1). At the Mt. Evans,
CO site an additional species, P. contorta, co-occurred in the stand and was also sampled.
The study site in Arizona (AZ) is within a zone of extensive P. strobiformis Engelm. and
P. flexilis introgression (Menon et al. 2018), but for the purposes of this study we report
these trees as P. flexilis. Sampling was conducted in 2018 during the typical flight period
of MPB, June through early September. At each site we sampled 12 unattacked, live,
mature trees per species in the range 23.4 to 45.7 cm diameter at breast height (DBH), for
a total of 132 trees (Table 3-1). No recent MPB attacks were observed within or adjacent
to the sampled stands.
Constitutive and Induced Defense Sampling
To assess constitutive SM levels, a 1.8mm x 6mm phloem plug was removed with
an oblong punch (Osbourne #2; UPC 01646) at DBH from six equidistant locations
circumnavigating the bole of each sampled tree (Fig. S3-1). Phloem thickness (mm) was
measured and averaged across all samples per tree, and the removed tissue was placed in
a vial, sealed, immediately placed on dry ice for transport, and stored at -40°C until
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processing. To measure an induced response, the 12 trees of each species at a site were
randomly chosen to receive one of two treatments following the constitutive mechanical
sample – i) simulated attack (n = 6 per species per site) or ii) mechanical wounding only
(n = 6 per species per site). MPB attack was simulated by immediately placing a fungal
inoculation of Grosmannia clavigera (University of British Columbia; M002-06-03-05,
UC21G26; Canmore, AB, Canada), a fungal symbiont of MPB, into all six 1.8mm x
6mm wounds created by the constitutive sample. Inoculating trees with beetle-vectored
fungi has shown successful activation of induced defense compound response with both
greater and unique compound induction relative to mechanical wounding alone (Raffa
and Berryman 1983; Villari et al. 2014; Keefover-Ring et al. 2016). G. clavigera was
grown on 2% Malt Extract Agar (MEA) for 14 days at room temperature prior to
inoculation (Fig. S3-2). The inoculum was cut to size with the oblong punch and placed
‘spore-side’ toward the tree (Erbilgin et al. 2017a) to produce full contact with the
phloem and xylem. Mechanically wounded trees received the constitutive sampling
wound, but were not treated with fungal inoculum. Wounds on all trees, with and without
the fungal inoculum, were sealed with Parafilm® (Bemis™; PM999) to minimize
desiccation and deter environmental contamination.
The timing, concentration, and composition of induced responses on each
simulated attack and mechanically wounded tree were measured 1, 4, and 30 days after
inoculation using a Trephor tool to collection microcores of 2 mm diameter and 12 mm
length (Rossi et al. 2006). At each sample time a microcore was collected systematically
from either 1 cm above or below each fungal inoculation or mechanically wounded site
(n = 6 per tree, Fig. S3-1). Samples were pooled by tree and placed in a vial, sealed,

79
immediately placed on dry ice for transport, and stored at -40°C until processing. To test
for seasonal changes in constitutive SM, using the same methodology described above
for constitutive samples, phloem of an additional six randomly chosen and untreated
‘control’ trees of each species at each site on day 30 was collected and stored identically
to the mechanically wounded tree samples. Hereafter, samples that were taken after the
day 0 constitutive sample are referenced according to their treatment as ‘simulated
attack’, ‘mechanically wounded’, or ‘control’. All tools were washed with 95% ethanol
between each sample.
Determination of Age and Growth Rate
After chemical defense sampling was completed, tree age and growth rate for the
previous 10 years were quantified for all trees. Using a manual increment borer (Haglöf)
a 5.15 mm-wide core was taken from DBH on each cross slope side of the tree to
minimize sampling compression wood. Cores were prepared using standard techniques
(mounted and sanded until cellular structure was visible through a binocular microscope)
and scanned using an Epson platform scanner at 1200 dpi. To estimate tree age and
calculate radial growth rates, ring widths were measured, species-specific chronologies
were developed for each sampling area, and the number of rings and distance to the pith
were approximated using CooRecorder and CDendro v. 8.8.1 (Cybis Elekronik & Data
AB, Saltsjöbaden, Sweden). Crossdating was additionally checked with COFECHA
(Holmes 1983). Cores that could not be confidently crossdated were removed from
further analyses (< 5% of cores). To assess recent growth rates we calculated basal area
increment (BAI). BAI is the cross-sectional area of wood produced per year, and
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accounts for decreasing ring width as the tree gets larger. Annual BAI values for the most
recent 10 years (2008-2017) were calculated using dplR package v. 1.6.0 in R v. 3.0.1
(Bunn 2008).
SM Extraction and Identification
We extracted and analyzed phloem SM following Powell and Raffa (2011).
Frozen phloem was cut into small pieces (ca. 2-3 mm2), and for each sampling date and
treatment, all phloem samples from each tree were pooled (mean ± se phloem d.w.; 27.27
± 0.76 mg). Phloem was submerged in 1 ml of 95% n-Hexane (Sigma-Aldrich, St. Louis,
MO; ACS reagent grade) in a 2-ml glass gas chromatograph (GC) vial with a PTFE
screw cap (Agilent Technologies, Wilmington, DE) and agitated on a shaker plate for 24
hrs. (20 °C, 250 rpm) at ambient temperature. After shaking, the solvent was transferred
into new GC vials using a pipette with low retention, extra fine point tips (Denville
Scientific Inc., Metuchen, NJ). The phloem vial was rinsed twice with 0.25 ml of hexane
and added to the second vial for a final volume of 1.5 ml; 100 μg of 2-nonanone was
added as the internal standard. Phloem was dried in an oven at 30°C for one week and
then weighed.
Samples were analyzed using an Agilent 7890A GC coupled with a 5975C mass
spectrometer (MS) and separated on a chiral Cyclodex‐B column (Agilent; 30 m x 0.25
mm i.d, 0.25 μm film thickness) with helium as the carrier gas at a flow rate of
1.0 ml min−1. One microliter of each sample was injected using splitless mode (injector
225 °C) with the GC oven maintained at 60 °C for 10 min, followed by a ramp of
2.5 °C min−1 to 160 °C, and then a second ramp at 30 °C min−1 to 225 °C. Quantifications
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were made relative to the internal standard by using ChemStation software (Agilent
Technologies, Wilmington, DE, USA). Compounds were identified by comparison of
chromatographic retention times and mass spectra with those of commercially available
standards. Standards were purchased from Sigma-Aldrich (St. Louis, MO, USA) except
for (E)-β-farnesene which was obtained from Bedoukian Research, Inc. (Danbury, CT,
USA). For compounds without available standards, we used mass spectra and NIST 08
Mass Spectral Search Program (National Institute of Standards and Technology,
Gaithersburg, MD, USA) to classify unidentified compounds by isoprenoid-based (i.e.,
MT – monoterpenoids, ST – sesquiterpeneoids) and non-isoprenoid based (i.e., B –
benzenoids, HC – hydrocarbons) grouping. The occurrence of unknown compounds
across species was verified by comparing retention times, mass spectra, and using the
NIST 08 Mass Spectral Search Program. Compound concentrations were standardized by
dry phloem weight (g) to calculate the concentration (mg g−1 phloem). In many samples,
β-pinene enantiomers and tricyclene were often present but not able to be uniquely
quantified. Subsequently, we pooled β-pinene enantiomer quantifications into a single
compound ((+/-)-β-pinene) and tricyclene quantifications were only included for P.
contorta, in which it was most prominent. Of the two benzenoids observed, we only
analyzed results for estragole (i.e., 4-allylanisole), a compound that has been previously
shown to influence bark beetle behavior (Werner 1995; Emerick et al. 2008).
Data Analysis
We used absolute values of constitutive and induced concentrations for H1, where
our objective was to compare the timing and concentration of defenses produced by
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simulated attack and mechanically wounded trees. For analyses aimed at evaluating
tradeoffs between growth and defenses (H2) and constitutive vs. induced defense (H3)
we calculated inducible defenses as the difference between absolute induced
concentrations due to a simulated attack and constitutive concentrations (induced –
constitutive, ΔI-C). Calculations were made on a per tree basis. For H2 and H3, SM
concentrations were z-score standardized ((obs – mean)/standard deviation)) by species.
Thus, data were centered on zero and intercepts were excluded from the models. For each
analysis, defense concentrations were estimated by pooling all quantified compounds
(total SM), and subdividing by isoprenoid (i.e., MT; ST), and non-isoprenoid (i.e., B;
HC) classes. Changes in absolute concentrations of individual compounds between
constitutive and induced samples were also assessed.
We tested for trait (y) differences by species (sp) and population (pop) by
assessing differences among and/or within sites (j), treatments (k; simulated attack,
mechanically wounded, control), and temporal duration (l; Day 0, 1, 4, 30). Depending
on the hypothesis, individual tree traits tested included absolute constitutive and induced
SM concentrations, inducible SM concentrations, individual constitutive and inducible
SM compound proportions, age, DBH, phloem thickness, and growth rate. The effect of
species, treatment, and temporal duration on tree defense traits (H1) were assessed with
analysis of variance (ANOVA), and linear regression was used to assess the relationships
between growth rate and defense (H2) and constitutive and inducible defenses (H3)
among species and their respective populations. Our model is hierarchically structured,
accounting for variation among sites (unless noted otherwise when making within site
comparisons), to predict trait (y) differences and is described as follows:
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(𝑛𝑛)

(𝑛𝑛)

(𝑛𝑛)

(𝑛𝑛)

(𝑛𝑛)

𝑦𝑦𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 = 𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑗𝑗 + 𝑝𝑝𝑝𝑝𝑝𝑝𝑘𝑘𝑘𝑘 + 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

where 𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑗𝑗 represents the species effect for the jth site of the kth treatment and lth
(𝑚𝑚)

temporal duration for the nth trait, 𝑝𝑝𝑝𝑝𝑝𝑝𝑘𝑘𝑘𝑘 represents the population effect of the kth
(𝑛𝑛)

treatment and lth temporal duration for the nth trait, and 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 is the residual error

associated with the mth observation of the jth site for the kth treatment and lth temporal
duration of the nth trait.
The model parameters sp and pop were drawn from a normal distribution centered
on the mean and estimated variances of our data. Specifically:
(𝑛𝑛)

𝜇𝜇𝜇𝜇𝜇𝜇𝑗𝑗𝑗𝑗𝑗𝑗 ~ Normal (μ𝑠𝑠𝑠𝑠, 𝑠𝑠𝑠𝑠σ2)
(𝑛𝑛)

𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝑘𝑘𝑘𝑘 ~ Normal (μ𝑠𝑠𝑠𝑠, 𝑝𝑝𝑝𝑝𝑝𝑝σ2)

The model parameter was given a normal, uninformative prior with a wide
distribution. Specifically:
For absolute value quantifications concerning parameter s:

For proportion quantifications:

μ𝑠𝑠𝑠𝑠, μ𝑝𝑝𝑝𝑝𝑝𝑝 ~ Normal (0,1000)
μ𝑠𝑠𝑠𝑠, μ𝑝𝑝𝑝𝑝𝑝𝑝 ~ Normal (0,100)

With the exception of the variance parameter, which was given a modest, Studentt prior distribution: Specifically:
𝑠𝑠𝑠𝑠σ2 , 𝑝𝑝𝑝𝑝𝑝𝑝σ2 ~ Student-t (0,10)

All analyses were conducted in R version 4.0.0 (R Core Team 2020). Bayesian
hierarchical models, accounting for variation among sites, were conducted via Markov
chain Monte Carlo (MCMC) sampling. The package “brms” (Bürkner 2017, 2018) was
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used to compute 4 MCMC chains for 4,000 iterations, discarding the first 2,000 iterations
as burn-in and sampling each iteration thereafter. All models were checked graphically
for convergence and Rhat (r̂) values (i.e., the Gelman–Rubin convergence diagnostic
(Gelman and Rubin 1992), a ratio of variation within and between MCMC chains, were
equal to 1, indicating thorough MCMC sampling and convergence of the posterior
distributions.
Using Bayesian MCMC estimates, a median estimate and quantified uncertainty
were derived for each model parameter. The median effect size (ES) and 95% Bayesian
credible intervals (CIBayes) were then calculated as the median difference in model
parameter estimates between comparison samples, bounded by the range of values
indicating the equal-tail 95% credible interval of the true parameter estimate, given the
data. The marginal probability (MP) that a parameter estimate is statistically different
(greater or less than, given the direction of the ES) than the test comparison (ANOVA in
H1) or slope of zero (linear regression in H2,3) was estimated by calculating the
proportion of parameter MCMC estimates greater (or less) than the comparison. We
specify ‘credible’ differences between species when MP > 90% (Buonanduci et al. 2020).
H1) Timing of induction
To evaluate induced response timing for each species we compared MT, ST, B,
and total SM concentrations (mg g−1 d.w.) in simulated attack trees by sample date (i.e.,
Day 0 vs. Day 1, Day 0 vs. Day 4, Day 0 vs. Day 30) using ANOVA. To evaluate if the
induced response on Day 1, Day 4, and Day 30 differed between simulated attack and
mechanically wounded trees, concentrations of each SM group were compared for each
species and treatment, also using ANOVA. Upregulation of specific compounds in
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response to simulated attack, relative to the mechanically wounded trees, was assessed by
calculating the relative proportion of individual compounds (% of total quantity) within
the same tree between sample dates using ANOVA. The potential effect of environmental
seasonality was tested by comparing concentrations of MT, ST, B, and total SM between
the constitutive samples of all trees taken on day 0 and samples taken from control trees
on day 30 for each site, and overall for each species. To assess diversity of SM
compounds within each species and treatment, we calculated diversity of the MT and ST
constitutive and inducible response fractions for each tree using the Shannon–Wiener
index: 𝐻𝐻 ′ = -∑𝑛𝑛𝑖𝑖=1 𝑝𝑝𝑖𝑖 𝑙𝑙𝑙𝑙𝑝𝑝𝑖𝑖 where pi is the relative proportion of a compound within the SM
profile. Intraspecific differences in the diversity of MT and ST fractions were assessed
with ANOVA.
H2) Growth-defense tradeoffs
We examined growth-defense tradeoffs by first comparing growth rates (mean
most recent 10 year BAI) among species at each site using ANOVA. A similar analysis
was then used to test for differences in concentrations between the species in MT, ST, B,
and total SM at Day 0 (constitutive), and inducible responses at Day 1, 4, and 30. To test
for the strength of the relationship between growth rate and constitutive and inducible
defenses within each species, a Bayesian linear regression analysis (R package ‘brms’;
Bürkner 2018) was used to assess the relationship between growth rate and constitutive
and inducible concentrations of individual trees. Bayesian linear regression slope
coefficients were calculated for MT, ST, estragole, and total SM concentrations
separately. The same analysis was used to evaluate the relationships between growth rate
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and constitutive and inducible MT, ST, estragole, and total SM concentrations within
each species.
H3) Constitutive-induced tradeoffs
Using simulated attack trees only, we tested for a tradeoff between constitutive
and inducible defenses among and within species using a Bayesian linear regression
analysis (R package ‘brms’; Bürkner 2018) to assess the relationship between constitutive
and inducible SM concentrations. Bayesian linear regression coefficients were calculated
for MT, ST, estragole, and total SM concentrations separately. Inter- and intraspecific
compositional differences in constitutive and inducible SM defenses were assessed using
hierarchical clustering. Clustering was performed on normalized compound
concentrations similar to methods from Taft et al. (2015), with each compound converted
to a proportion of the total SM fraction for each sample. Cluster analysis was conducted
separately on MT, ST, and total SM groups, based on individual compound proportions
of the total SM fraction. We applied non‐metric multidimensional scaling (NMDS) and
bootstrap resampling analysis of compound profiles using R packages ‘vegan’ (Oksanen
et al. 2007) and ‘pvclust’ (Suzuki and Shimodaira 2015), respectively, to visualize and
statistically test for dissimilarities in SM composition among and within species. In
NMDS visualizations, all detected compounds within their SM classes were included,
with the Bray–Curtis dissimilarity index used as the multidimensional distance measure.
We performed hierarchical clustering of individual trees into compositional classes with
the ‘average’ distance clustering method on a Euclidean distance matrix and 10,000
bootstrap resamples that allows for p-value assignments to clusters (Efron et al. 1996;
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Shimodaira 2002, 2004). Individual clusters were assigned chemotype labels based on the
predominant SM compound within a cluster.
RESULTS
H1) Timing of induction
A total of 48 compounds were identified using GC-MS analysis from phloem of
P. aristata, P. flexilis and P. contorta, including 31 MT, 14 ST, 2 benzenoids, and 1 HC
(Appendix 6: Table S6-1). MT dominated the blends, representing 91% of the
constitutive composition in P. aristata, 79% in P. flexilis, and 93% in P. contorta
(Appendix 6: Table S6-1). Chemical differences among species were largely quantitative
in that phloem for all species contained 47 of these compounds (and all 31 MT). The MT
‘tricyclene’ (only quantified in P. contorta) and ‘tridecane’ (only found in P. flexilis and
P. contorta) were the only compounds quantified that were not shared among all species
tested.
Treatments did not induce novel compounds but increased concentrations of
constitutively present compounds (Fig. 3-3). Levels of MT, ST and total SM on day 1
were not different between simulated attack and mechanically wounded P. flexilis and P.
contorta. In P. aristata on day 1, however, the mechanically wounded trees had greater
MT and total SM than simulated attack trees (Appendix 6: Table S6-2). Simulated attack
and mechanically wounded trees of all three species exhibited greater MT and total SM
concentrations at day 4 relative to day 0 constitutive samples (Appendix 6: Table S6-3).
Simulated attack P. flexilis and mechanically wounded P. flexilis and P. contorta also
showed an increase in ST within the first 4 days relative to constitutive samples
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(Appendix 6: Table S63-3). However, MT, ST and total SM at day 4 were not different
between simulated attack and mechanically wounded trees for any species (Appendix 6:
Fig. S6-3; Table S6-2). By day 30, MT and total SM in simulated attack trees of all
species and sites were >40x greater than day 0 (Fig. 3-3; Appendix 6: Table S6-3), and
also greater than the day 30 mechanically wounded trees (Appendix 6: Table S6-2).
Similarly, on day 30 ST in P. aristata and P. flexilis simulated attack trees, and estragole
in P. contorta simulated attack trees were greater than day 0, and also greater than day 30
mechanically wounded trees (Appendix 6: Tables S6-2, S6-3). Therefore, although there
was a response within the first 4 days in simulated attack trees, it was not different from
mechanically wounded trees. Instead, a large induced response specific to simulated
attack was found on day 30 in all species.
Across species, there were no proportional differences in individual compounds
for the simulated attack relative to mechanically wounded trees when comparing day 0 to
day 1 or day 4 samples. By day 30, however, simulated attack trees of all species had
greater proportions of certain compounds (relative to constitutive levels) compared to
mechanically wounded trees, although only six compounds were statistically credible
between the two time periods (Fig. 3-4). Individual compounds that exhibited greater
induction in simulated attack trees relative to mechanically wounded trees include: 𝛿𝛿-3-

carene (ES = 25.9; MP = 98.8%) and terpinolene (ES = 3.2; MP = 99.7%) in P. aristata;
sabinene (ES = 3.0; MP = 90.0%), (-)-α-pinene (ES = 3.6; MP = 96.5%), and (+)-αpinene (ES = 3.5; MP = 91.1%) in P. flexilis; and β-phellandrene (ES = 42.6%; MP =
99.9%) in P. contorta (Fig. 3-4). In addition, MT diversity decreased in response to
simulated attack relative to the constitutive profile in the three species: P. aristata (ES =

89
0.48; MP = 99.3%), P. flexilis (ES = 0.11; MP = 89.2%), and P. contorta (ES = 0.11; MP
= 80.6%) (Tables S3-4, S3-5). These results indicate higher relative proportions of
specific compounds within the inducible SM fractions in response to simulated attack.
All further comparisons therefore are between constitutive (day 0) and day 30 simulated
attack.
Across all sites, we found no effect of seasonality on MT and total SM
concentrations in P. aristata or P. flexilis (Appendix 6: Table S6-6). Seasonal differences
were observed among P. aristata in ST and estragole, however, day 30 simulated attack
exhibited much greater effects (ST – 2.6x, estragole – 30x). Additionally, P. contorta
exhibited greater concentrations in MT, ST, and total SM due to seasonality, however,
day 30 simulated attack exhibited greater effects (MT – 58x, ST – 7x, total SM – 44x).
These findings suggest that while seasonality can influence SM concentrations, the
effects were minute compared to our simulated attack treatments and likely confer a
minimal effect on our experimental assessments.
H2) Growth-defense tradeoffs
Overall, P. aristata grew slower than P. flexilis (Fig. 3-5a; Tables 3-1, Appendix
6: S6-7). P. aristata and P. flexilis both grew slower than P. contorta at the site where
they co-occurred, although differences among species were not credible (Fig. 3-5a;
Appendix 6: Table S6-7). Tree age varied across the sites by species, but at a given site
there were no age differences between P. aristata and P. flexilis (Fig. 3-5b; Appendix 6:
Table S6-8). Although DBH of both species at the Mt. Humphreys, AZ site were
comparable to all other sites (Fig. 3-5c; Appendix 6: Table S6-9), trees at this site were
much younger (~2-6x) and both species had ~10x the growth rate of trees at other sites
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(Table 3-1). While all study trees were randomly selected within the range 23.4 to 45.7
cm DBH, P. aristata were smaller than co-occurring P. flexilis, particularly at the
northernmost (Mt. Evans, CO) and southernmost (Mt. Humphreys, AZ) sites, and they
were smaller than P. contorta at their shared site (Fig. 3-5c; Appendix 6: Table S6-9).
Phloem thickness in P. aristata was greater than in P. flexilis, specifically at the Mt.
Humphreys, AZ, and Tarryall, CO sites, but not different from P. contorta at their shared
site (Fig. 3-5d; Appendix 6: Table S6-10). Age, DBH, and phloem thickness were not
credible covariates in describing the relationship between BAI and constitutive or
inducible responses or between constitutive and inducible SM concentrations.
Across all sites, P. aristata invested more in constitutive concentrations of MT,
ST, estragole, and total SM than P. flexilis (Fig. 3-3; Table 3-2; Appendix 6: Tables S611, S6-12). At the site where all three species co-occurred, P. aristata also invested more
in constitutive defenses than P. contorta (Fig. 3-3; Table 3-2). Across all sites, P. flexilis
invested more in inducible ST than P. aristata, and also more than P. contorta at the Mt.
Evans, CO site (Fig. 3-3; Table 3-2). P. aristata, however, invested more in inducible
MT, estragole, and total SM than P. flexilis across all sites (Table 3-2; Appendix 6:
Tables S6-11, S6-12). P. contorta was the fastest growing species at the Mt. Evans, CO
site and invested more in inducible MT and total SM compared to both P. aristata and P.
flexilis, with a greater investment in estragole than P. flexilis (Table 3-2). Overall, both
constitutive and inducible total SM concentrations in P. aristata, the slowest grower,
were greater than P. flexilis, but P. flexilis induced more ST. Although, at the Mt. Evans,
CO site, P. contorta had the fastest growth and greater inducible MT and total SM than
both other species.
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Among populations of P. aristata and P. flexilis, regression slope coefficients
between growth rate and constitutive concentrations of MT, ST, estragole, and total SM
trended neutral or positive (Fig. 3-6; Appendix 6: Fig. S6-4; Table S6-13). Growth rate
and inducible concentrations of all SM groups were also positive and credible for P.
aristata, and for ST in P. flexilis (Fig. 3-6; Appendix 6: Fig. S6-4; Table S6-13).
H3) Constitutive-induced tradeoffs
P. aristata had greater concentrations of both constitutive and inducible MT,
estragole, and total SM (MPs > 99.9%) than P. flexilis, although greater concentrations of
ST were induced in P. flexilis (Table 3-2). At the Mt. Evans, CO site, P. contorta had
lower concentrations of constitutive compounds than P. aristata, but greater levels of
inducible MT, estragole, and total SM than both other species (Table 3-2). At the
population-level, the relationship between P. aristata constitutive and inducible defenses
was positive and credible for MT, estragole, and total SM, and these trended neutral for
P. flexilis (Figure 3-6; Appendix 6: Table S6-13). For individual compounds,
relationships within P. aristata and P. flexilis were neutral to positive (Appendix 6: Figs.
S6-5, S6-6; Table S6-14).
In P. aristata we found that southern sites had greater constitutive concentrations
of MT and total SM than northern sites (Appendix 6: Fig. S6-7; Table S6-15). In contrast,
P. flexilis exhibited greater constitutive concentrations of MT and total SM at more
northern sites. The southernmost P. aristata populations also had greater inducible MT
and total SM concentrations. Inducible ST and total SM concentrations among P. flexilis
populations were also greatest at the more southern sites (Appendix 6: Fig. S6-7; Table
S6-15). Hierarchical cluster analysis using constitutive and inducible total SM
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proportions identified single chemotypes based on predominant monoterpenoid
compounds in P. aristata (𝛿𝛿-3-carene) and P. contorta (β-phellandrene), and two
chemotypes in P. flexilis (𝛿𝛿-3-carene: bootstrap p-value = 0.03 or (+)-α-pinene: bootstrap
p-value = 0.03) (Fig. 3-7a,b). Within P. flexilis, the 𝛿𝛿-3-carene chemotype was

predominant at Mt. Evans, CO, Tarryall, CO, and Mt. Humphreys, AZ (Fig. 3-7c). In
contrast, (+)-α-pinene was the predominate chemotype at Mosca Pass, CO and Taos, NM.
At Mosca Pass, CO only one tree contained 𝛿𝛿-3-carene and 𝛿𝛿-3-carene was completely

absent in all trees at Taos, NM. These results suggest both intra-site variation and

geographic population structure by chemotype within our sampled range (Fig. 3-7c).
Importantly, the same chemotypes were present for all individuals in constitutive and
inducible SM profiles of both species (Fig. 3-7a,b).
DISCUSSION
Induced response specific to MPB simulated
attack does not occur within 4 days
We found that an induced response in P. aristata, P. flexilis, and P. contorta that
was specific to simulated MPB attack did not occur within 4 days of the initial
stimulation. At day 4 post-treatment, mechanically wounded and simulated attack trees
had similar induced responses in terms of both SM concentration and composition. By
day 30, however, an induced response to simulated attack was >40x constitutive
concentrations in all species, and also greater than responses by mechanically wounded
trees. These results suggest a rapid but indiscriminate initial SM response to wounding,
and that responses specific to herbivory by MPB and fungal associates appear much more
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slowly. This lag-time could be adaptive (e.g., targeting future eggs or neonates that may
be more vulnerable than adult beetles, and fungal symbiont growth in an effort to
compartmentalize spread) or due to physiological limitations on the synthesis and
mobilization of defenses. Although induced terpene defenses are known to play essential
roles in conifer resistance against bark beetles and their symbionts, other defenses that we
did not measure could have changed more rapidly (e.g., phenolics or defense-related
proteins). As suggested by plant defense theory, defenses in these species are likely
generalized responses (Karban 2020), although we cannot rule out a role in impeding
MPB pheromone communication (Erbilgin et al. 2003).
Aggregation pheromones released by attacking beetles can elicit a rapid initial
increase in the number of new MPB attacks on a tree, and these attacks can persist for
weeks. As beetles continue to attack a tree, mating, oviposition, and development of
offspring from early attackers is ongoing. Our result that the greatest induced response
did not occur during the time period of initial attack suggests that an induced SM defense
response is likely aimed at promoting a toxic environment for fungal growth or beetle
oviposition and brood development, and to resist ongoing attacks. Similar to our findings
of induced response at day 30, others have found elevated SM levels in pines between 7–
21 days following inoculation with a fungal associate (Raffa and Berryman 1983; Boone
et al. 2011; Cale et al. 2017), including a response that was greater than mechanical
wounding alone at 17d (Keefover-Ring et al. 2016) and 21d (Villari et al. 2014). Elevated
monoterpene levels in P. contorta killed by MPB were found six to eight weeks postattack (Clark et al. 2012; Roth et al. 2018) and six (Goodsman et al. 2013) and eight
(Erbilgin and Colgan 2012) weeks post-fungal inoculation suggesting that the temporal
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extent of elevated SM levels extends far beyond our 30 day sample. To rule out the
possibility that seasonal effect contributed substantially to the observed effects of our
treatments, we sampled untreated trees at day 30 and compared the SM concentrations to
our constitutive (day 0) samples. While there was an increase in some SM classes, the
increase was well below that found in response to simulated MPB attack. The increase in
SM classes due to seasonality was greatest in P. contorta, similar to findings by Clark et
al. (2012), but as P. contorta was only sampled at one of our sites, caution should be used
in interpreting the results. Although a delayed induced response is common among plants
(Karban 2011), investment in prolonged defenses is costly (Gershenzon 1994). In bark
beetles, attack success has been found to be inversely related to induced defense
concentrations (Zhao et al. 2011), although a better understanding of the costs and
benefits of prolonged defenses is needed.
In addition to increases in overall SM concentrations, relative proportions of
specific compounds differed between simulated attack and mechanically wounded trees
of the three pine species on day 30, but not day 4, further highlighting a delayed response
to MPB fungal symbionts. While the overall SM concentration increase in response to
simulated attack is likely due to mobilization of locally-stored non-structural
carbohydrates (Goodsman et al. 2013; López-Goldar et al. 2016; Roth et al. 2018; Huang
et al. 2020), an increase in the relative proportions of specific compounds suggests
synthesis of compounds that could be a targeted response to a simulated MPB attack.
Compounds disproportionately upregulated specifically to simulated attack could have
greater fungicidal or insecticidal properties, relative to other compounds within the SM
profile (Raffa and Berryman 1983; Raffa et al. 2017). 𝛿𝛿-3-carene, which exhibited the
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largest proportional increase in response to simulated attack in P. aristata, is toxic to
MPB (Chiu et al. 2017; Reid et al. 2017), can disrupt MPB pheromone communication
(Borden et al. 2008), and inhibits growth of MPB-associated bacteria (Raffa et al. 2005;
Adams et al. 2011). Concentrations of 𝛿𝛿-3-carene are also reported to increase in P.

ponderosa (Keefover-Ring et al. 2016) in response to simulated MPB attack. In other
conifer-insect relationships, 𝛿𝛿-3-carene is also associated with resistance to the white pine

weevil (Pissodes strobi Peck) in Sitka spruce (Picea sitchensis (Bong.) Carr.) (Robert and
Bohlmann 2010) and Douglas-fir pitch moth (Synanthedon novaroensis Edwards) in
lodgepole pine (Rocchini et al. 2000). (+)-α-pinene, terpinolene, and β-phellandrene are
known MPB pheromone synergists or attractants (Erbilgin et al. 2017b). The functions of
compounds identified here that disproportionately increase after simulated MPB attack
(𝛿𝛿-3-carene, terpinolene, sabinene, α-pinene, β-phellandrene) warrant additional study.
Similar to MPB simulated attack treatments on ponderosa pine (Keefover-Ring et al.
2016) and pine weevil on white spruce (Picea glauca Moench) (Tomlin et al. 2000), MT
diversity in P. aristata and P. flexilis decreased in response to simulated attack relative to
the constitutive SM profile, suggesting a shift toward a targeted subset of compounds.
Differential expression of growth and defense
tradeoffs among species and populations
Pinus aristata and P. flexilis are relatively long-lived and slow-growing conifers
that typically inhabit high elevation and often resource-limited habitats (Veblen 1986;
Baker 1992; Brunstein and Yamaguchi 1992; Schuster et al. 1995). We found that the
relatively slower-growing P. aristata had higher concentrations of constitutive defenses
than faster-growing P. flexilis and P. contorta, supporting the species-level hypothesis of
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a tradeoff between growth and constitutive defenses (Coley et al. 1985). The closely
related bristlecone species P. longaeva also had slower growth and greater constitutive
defenses than the co-occurring and relatively faster-growing P. flexilis (Bentz et al.
2017). Pinus flexilis is also reported to have lower constitutive MT concentrations than P.
contorta and P. ponderosae, although growth rate was not studied (Ferrenberg et al.
2017). Our results are inconsistent, however, when assessing among species relationships
between growth and inducible defenses, wherein faster growth is predicted to lead to
greater investment in inducible defenses (Coley et al. 1985; Bryant et al. 1989; Van Zandt
2007). In contrast to expectations, P. aristata grew slower than P. flexilis but had greater
inducible MT, estragole, and total SM, although, P. flexilis induced the greatest
concentration of ST. Congruous with our expectations, at a single site in our study, P.
contorta had faster growth than both P. aristata and P. flexilis, and also had greater
inducible MT, estragole, and total SM. Pinus contorta is a common host of MPB, has a
shorter life span, and is a faster grower than many other pine species (Hansen et al.
2016). Previously, P. contorta has been shown to have greater induced responses than cooccurring pines with putatively slower growth, including P. albicaulis Engelm. (Raffa et
al. 2017; Mason et al. 2019), but not compared to its close relative and fast grower, P.
banksiana Lambert (Cale et al. 2017). While relatively slow-growing pines can vary in
levels and the type of constitutive and induced responses, our results provide additional
evidence for evolved differences among Pinus species in resource allocation to growth
and defenses (Moreira et al. 2014).
Among species we also expected a tradeoff between constitutive and induced
defenses, based on the hypothesis that investment in both is redundant (Bingham and
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Agrawal 2010; Kempel et al. 2011; Rasmann et al. 2011). However, we found that
constitutive and induced concentrations were both greater in P. aristata than in P. flexilis,
suggesting no evidence for a tradeoff in the two defense types among species. Similarly,
within species, we also found a lack of support for a tradeoff between constitutive and
inducible SM. In P. aristata we found constitutive and inducible concentrations were
positively related for MT, estragole, and total SM, with neutral relationships among SM
classes in P. flexilis. The potential for high levels of allocation to both constitutive and
induced SM defenses has been observed among multiple plant species (Brody and
Karban 1992; Koricheva et al. 2004; Howe et al. 2020). Inducibility of SM groups also
varied among species. For example, increases in MT were greater in P. aristata than P.
flexilis but ST were more inducible in the latter species. In another Pinus comparison, the
high elevation P. albicaulis also invested more in ST induction compared to P. contorta,
which had greater concentrations of MT (Raffa et al. 2017). Our results support the
hypothesis that defense strategies among species may differ not only in total
concentrations, but also in the types of SM compounds and the proportional level of
investment (López-Goldar et al. 2019; Mason et al. 2019). Within each species, we found
no evidence for tradeoffs between growth rate and SM defenses or between constitutive
and inducible SM defenses. Intraspecific variation in defenses can be influenced by
plastic responses to environmentally-determined cues, potentially reducing or eliminating
tradeoffs between growth and defenses or between the two defense types (Hahn et al.
2019; López-Goldar et al. 2019).
At the southernmost site, P. aristata had higher levels of constitutive SM
concentrations than at more northern sites, and P. flexilis constitutive ST concentrations
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were the highest at the southern sites. Both species also had greater inducible
concentrations at the southernmost site, with greater induced total SM in P. aristata and
greater induced ST in P. flexilis compared to the more northern sites. Chemical defenses
in pines are known to be positively related to resource availability (Sampedro et al. 2010;
Goodsman et al. 2013; Cook et al. 2015; Roth et al. 2018; López-Goldar et al. 2020) and
the southernmost site had the most precipitation before study sampling compared to the
other sites and relative to historical 30-year averages at the site (Appendix 6: Table S616). Trees of both species at this site were also the youngest, the fastest growing, and had
the thickest phloem of trees at all sites. Favorable resources at the southernmost site
(possibly including warmer temperatures and a longer growing season) likely facilitated
both increased growth and allocation to defenses, which, as hypothesized previously
(Agrawal 2011; Howe et al. 2020), can mask evolved physiological tradeoffs that would
be apparent when comparing among species.
Chemotypic variability in P. aristata and P. flexilis
The terpene composition of pine phloem can have both genetic and environmental
influences (Smith 1964, 2000; Hanover 1966, 1992; Baradat and Yazdani 1988). Some
plant species have distinct chemotypes—individuals that vary disjointly in their
chemistry and defined by the dominant compound produced. Chemotypes are known to
occur in pine species, both within and among populations (Forrest 1980; Thoss et al.
2007; Davis and Hofstetter 2012). For example, three constitutive chemotypes were
found within stands and across the extensive range of P. banksiana (Taft et al. 2015) and
the proportion of two chemotypes in P. ponderosa also differed between populations in
Arizona and Colorado (Latta et al. 2003). Across the range of P. aristata in Colorado,
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New Mexico and Arizona, we found no evidence of chemotypes with 𝛿𝛿-3-carene

dominant in all individuals in both the constitutive and inducible SM profiles. Zavarin et
al. (1976) also found that 𝛿𝛿-3-carene was predominant across the range of P. aristata.

Although only sampled at one site, we found a single chemotype, β-phellandrene in P.
contorta. Two chemotypes, (+)-α-pinene and 𝛿𝛿-3-carene, were observed in P. flexilis, and
the ratios of the two varied across the sites. The 𝛿𝛿-3-carene chemotype was predominate
at Mt. Evans, CO, Tarryall, CO, and Mt. Humphreys, AZ, but absent in Taos, NM and

present in a single tree at Mosca Pass, CO. Although we only sampled a portion of the P.
flexilis distribution, Zavarin et al. (1993) and Bentz et al. (2017) also found that (+)-αpinene or 𝛿𝛿-3-carene were predominate compounds in P. flexilis, and both studies found
variability among populations, with the 𝛿𝛿-3-carene chemotype absent in some

populations. Across all individuals, the predominant SM compound remained consistent
in constitutive and inducible samples, suggesting that constitutive and inducible defenses
share the same metabolic pathways for these compounds (Keeling and Bohlmann 2006).
𝛿𝛿-3-carene and (+)-α-pinene chemotypes are common in multiple conifer species often

varying among populations (Latta et al. 2003; Emerick et al. 2008; Davis and Hofstetter
2012; Kannaste et al. 2013; Erbiligin 2019), highlighting the roles of both genetic and
environmental influences on SM composition. As variation in pine SM may facilitate
ecosystem processes through a variety of mechanisms (e.g., Adler and Karban 1994),
including interactions within the MPB-fungi-bacteria complex (Adams et al. 2009, 2011),
an increased understanding of the composition of these heritable traits may have
important implications for future management and forest dynamics forecasting.
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Conclusions
We found a slow but strong induced response in three Pinus species to simulated
MPB attack. An initial induced response (i.e., within 4 days) in three Pinus species was
similar in both simulated MPB attack and mechanical wounding, and a response specific
to simulated MPB attack did not occur until later, at day 30 in our study. Inducible
defenses can be physiologically costly and are considered traits with high adaptive
potential (Cipollini and Heil 2010; Raffa 2014). From an evolutionary perspective, a
delayed response could be advantageous, wherein resources are not over-allocated to
general injuries, and instead targeted at specific enemies or life stages. The delay in
induced response may also be constrained by the time required for metabolic shifts and
compound up-regulation.
P. aristata and P. flexilis are five-needle white pines that typically grow at high
elevations, are long-lived, and slow-growing. Pinus flexilis often co-occurs across the
range of P. aristata, although P. flexilis has a much larger distribution, and the two
species appear to be attacked by MPB at similar frequencies when growing in the same
stand (Bentz et al. 2020). Despite their similar growing conditions and susceptibility to
MPB, we found that the two species have evolved different growth and defense strategies
in both concentrations and types of SM defenses. Among species, tradeoffs between
growth and defenses were inconsistent, and no tradeoff was observed among the species
in constitutive and induced defenses. Pinus aristata grew slower and had higher
concentrations of both constitutive and inducible SM defenses, predominately MT, with
P. flexilis exhibiting the largest induction of ST. The role of MT in resistance to MPB is
well-studied, although relatively little is known about ST and their role in herbivory.
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Faster-growing P. contorta had lower constitutive defenses but greater induced defenses
than slower-growing P. aristata and P. flexilis, providing additional support for differing
resource allocation strategies between growth and constitutive and induced defenses
among Pinus species. Others have found that co-occurring Pinus species have varying
defense strategies despite similar MPB attack levels (West et al. 2014, 2016; Bentz et al.
2015), highlighting the diversity of defensive tactics and resource allocation strategies
within Pinus. We also found no intraspecific tradeoffs, and our results suggest a role for
environmental influences on variation in defenses among Pinus populations. Absolute
concentrations of constitutive and inducible MT in P. aristata and constitutive and
inducible ST in P. flexilis were greatest at the most southern site where trees were the
youngest and also the fastest growing. Our assessment of resource allocation strategies
among and within Pinus species provides insight into evolved life history strategies and
highlights the complexity of predicting plant–insect interactions.
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TABLES
Table 3-1. Stand metrics of site location, species sampled, and mean ± standard error of DBH (diameter breast height), age, BAI
(mean basal area increment* of most recent 10 years) and phloem thickness of study trees. Sites are presented on a north-south
climate gradient spanning 4.3° of latitude with 12 trees/species sampled per site
Site

Latitude/
Longitude

Elevation
(m)

Mt. Evans,
CO

39.66243772,
-105.5859309

3350

Tarryall,
CO
Mosca Pass,
CO
Taos,
NM
Mt. Humphreys,
AZ

39.11328439,
-105.5114408
37.74113797,
-105.4546224
36.07267572,
-105.4496995
35.33692229,
-111.717213

2820
3144
2930
2740

Species

DBH
(cm)

P. aristata
P. flexilis
P. contorta
P. aristata
P. flexilis
P. aristata
P. flexilis
P. aristata
P. flexilis
P. aristata
P. flexilis

26.2 ± 0.7
28.5 ± 1.0
30.0 ± 1.1
31.3 ± 1.1
31.7 ± 1.4
36.5 ± 1.1
37.7 ± 1.3
33.1 ± 1.5
33.7 ± 1.7
31.8 ± 1.8
36.6 ± 1.5

Age
(years)

BAI
(mm2 yr-1)

(mean ± standard error)
223.2 ± 2.5
18.4 ± 3.7
203.0 ± 4.2
33.6 ± 4.8
194.9 ± 5.5
45.1 ± 2.5
288.1 ± 26.2
21.0 ± 4.7
206.9 ± 26.3
29.3 ± 6.9
267.8 ± 16.6
33.7 ± 6.0
195.7 ± 19.8
46.0 ± 8.7
118.8 ± 7.0
31.9 ± 2.7
101.5 ± 6.1
88.6 ± 13.1
44.9 ± 3.2
217.4 ± 20.1
39.3 ± 2.0
329.3 ± 46.1

Phloem
thickness
(mm)
3.64 ± 0.18
3.10 ± 0.17
3.24 ± 0.12
3.21 ± 0.34
2.35 ± 0.25
4.06 ± 0.22
3.77 ± 0.16
4.04 ± 0.26
3.88 ± 0.29
7.75 ± 0.32
5.33 ± 0.36

* BAI is the cross-sectional area of wood produced per year and accounts for decreasing ring width as the tree gets larger.
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Table 3-2. Bayesian model results testing for species-level differences between P.
aristata and P. flexilis in constitutive (day 0) and day 30 inducible (ΔI-C) monoterpenoid,
sesquiterpenoid, the benzenoid estragole, and total SM concentrations (mg/g). P. contorta
was only sampled at one site (Mt. Evans, CO). The median effect size (ES) and 95%
Bayesian credible intervals (CIBayes) are shown. The marginal probability (MP) is the
probability that coefficient estimates are greater or less than zero, given the direction of
the ES. A negative ES indicates the species on the right side of the comparison had a
greater response. Values in bold represent estimates that are credibly different (MP >
90%).
P. aristata vs P. flexilis
Inducible (ΔI-C)
MP
ES
MP
(%)
(95% CIBayes)
(%)
274.1 (163.2, 387.1)
100
100
297.7 (1.87.8, 408.6)
100
100
-25.3 (-34.6, -16.2)
100
100
1.33 (0.78, 1.88)
99.9
100
P. aristata vs P. contorta
-270.8 (-555.6, 14.9)
100
96.9
-264.0 (-541.2, 13.8)
100
96.9
-0.46 (-3.51, 2.65)
61.9
100
78.4
0.33 (-0.78, 1.39)
73.0
P. flexilis vs P. contorta
-252.8 (-529.5, 34.1)
100
96.1
-256.1 (-530.4, 22.2)
99.6
96.4
71.8
5.42 (2.32, 8.52)
99.9
83.7
-1.69 (-2.78, -0.65)
99.9

Constitutive
All sites
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole
Mt. Evans, CO
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole
Mt. Evans, CO
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole

ES
(95% CIBayes)
27.3 (23.3, 31.3)
26.1 (22.1, 30.0)
1.10 (0.87, 1.32)
0.06 (0.03, 0.08)
12.4 (7.28, 17.4)
11.3 (6.50, 16.1)
1.22 (0.65, 1.60)
0.02 (-0.03, 0.08)
-6.72 (-9.24, -4.15)
-7.34 (-11.8, -2.69)
0.02 (-0.05, 0.09)
-0.02 (-0.07, 0.02)
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FIGURES

Fig. 3-1. Conceptual figure visualizing alternative hypotheses about temporal patterns of
induced phloem terpenoids (dashed lines) in response to a mountain pine beetle attack.
(A) a scenario where the majority of induced terpenoid defenses (constitutive + inducible
(ΔI-C) response) are invested within ~1 to 4 days of an attack, potentially preventing or
deterring initial attacks; (B) a scenario where induced terpenoid defenses peak ~30 days
after an attack, potentially inhibiting sustained attacks, egg hatch, and larval and fungal
development. Barplots represent observed mountain pine beetle frequencies (mean ± se)
of daily attacks from 20 individual trees at multiple sites (Bentz et al. 1996, 2014).
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Fig. 3-2. Study site locations. The distribution of Rocky Mountain bristlecone pine (P.
aristata) is limited to Colorado (CO), New Mexico (NM) and an isolated population in
Arizona (AZ). Limber pine (P. flexilis), which has a larger distribution across the western
United States and Canada, co-occurs with P. aristata. Distributions based on (Little
(1971) and Ellenwood et al. (2015).
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Fig. 3-3. a) Total secondary metabolite (SM) phloem concentrations (mg compound g-1
d.w., mean ± standard error), b) monoterpenoid (MT) phloem concentrations, c)
sesquiterpenoid (ST), and the benzenoid estragole phloem concentrations in P. aristata,
P. flexilis, and P. contorta in constitutive (Day 0) and induced treatments by simulated
attack (Day 1, Day 4, Day 30). Bar plots display absolute concentrations by species
(pooled across sites; row 1) and by site (rows 2, 3), wherein sites are presented on a
north-south gradient spanning 4.3° of latitude.
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Fig. 3-4. Induction patterns of individual compound proportions (mean ± standard error)
that showed statistically credible and greater proportional differences in simulated attack
(fungal inoculation + mechanical wounding) compared to mechanical wounded trees (day
30) treatments relative to constitutive levels in three Pinus species.
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Fig. 3-5. Mean ± standard error of a) growth rate (recent 10 year basal area increment;
BAI), b) age, c) DBH, and d) phloem thickness of P. aristata, P. flexilis, P. contorta at
each study site. Sites are arranged on a north to south gradient on the x-axis.
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Fig. 3-6. Relationships between growth rate (BAI) and constitutive and inducible (ΔI-C)
secondary metabolite (SM) concentrations (H2) and between constitutive and inducible
(ΔI-C) total secondary metabolite (SM), monoterpenoid (MT), sesquiterpenoid (ST), and
estragole concentrations (mg/g) (H3) among populations of P. aristata and P. flexilis.
Bayesian linear regression slope median estimates and 95% Bayesian credible intervals
are shown. An asterisk (*) signifies a slope estimate that was credibly (MP > 90%)
different from zero, with corresponding directionality (e.g., “(+)”-positive) of the
relationship. See Supplemental Table 13 for slope median estimates (ES) and Bayesian
95% credible intervals (CIBayes) for all shown relationships.
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Fig. 3-7. Non-metric multidimensional scaling (NMDS) ordination of constitutive (day 0)
and inducible (ΔI-C) (day 30 simulated attack – day 0 constitutive) concentrations of
monoterpenoids in P. aristata, P. flexilis, and P. contorta (a,b). 2-dimensional stress
values for the ordinations were 1.29 for constitutive concentrations and 0.096 for
inducible (ΔI-C) concentrations. Point character and/or shading differences separate
species and respective chemotype (predominant compound within SM composition). P.
flexilis chemotype proportions across study sites (c) show both site variability and
geographic structuring with respect to the dominant compound within its SM profile.
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CHAPTER 4
ASSESSING THE ROLE OF BARK AND PHLOEM LIGNIN AS DEFENSES
AGAINST MOUNTAIN PINE BEETLE IN HIGH-ELEVATION PINUS
LONGAEVA, PINUS BALFOURIANA, AND PINUS FLEXILIS
ABSTRACT
A key component in understanding plant-insect interactions is the nature of host
plant defenses. Within conifers, lignin has been shown to provide resistance against
phloem-feeding bark beetles in Picea. Research on defense traits among Pinus species
has focused on chemical secondary metabolites and axial resin ducts, but the role of
lignin in defense is unclear. We investigated lignin concentrations in the outer bark and
phloem of P. longaeva, P. balfouriana, and P. flexilis, western United States high
elevation species known to differ in susceptibility to mountain pine beetle (Dendroctonus
ponderosae; MPB). Relative to P. flexilis, P. longaeva and P. balfouriana are attacked by
MPB less frequently, and MPB brood production is scant in P. longaeva. Because greater
lignification of feeding tissues has been shown to provide defense against bark beetles in
non-Pinus conifers, we hypothesized that P. longaeva and P. balfouriana would have
greater lignin concentrations than P. flexilis. We found that the more MPB-susceptible P.
flexilis had greater lignin concentrations within the phloem than the less MPB-susceptible
P. longaeva and P. balfouriana. No differences in outer bark lignin concentrations were
found among species. Within P. flexilis, lignification was greatest at the site with the
highest annual precipitation, suggesting an association with tissue lignification. We
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conclude that greater lignification within Pinus phloem and outer bark is not generally
adaptive as a defense against MPB.
INTRODUCTION
Bark beetles (Coleoptera: Curculionidae, Scolytinae) are key forest disturbance
agents globally, and include many tree-killing species. Overcoming tree defenses is a
central challenge for bark beetles which feed on living phloem and require tree vascular
tissue destruction for offspring survival. Tree defenses serve to protect against insect
infestation, thereby maintaining the functional integrity of two subcortical tissue types:
phloem, which is responsible for transport and distribution of sugars produced in leaves
and needles; and xylem, tissue that provides structural support and conveys water and
dissolved minerals from roots to the rest of the tree. Both tissue types are compromised
by the infestation of bark beetles (Atkins 1966; Raffa et al. 1993) and their fungal
mutualists (Ballard et al. 1984; Långstrom et al. 1993; Wullschleger et al. 2004). The
outer bark, composed mostly of dead tissues, protects the phloem and xylem from the
external environment. Conifer defenses can take the form of chemical secondary
metabolites and anatomical structures, which can be expressed constitutively or
upregulated as needed to maximize the economy of available resources (Cipollini and
Heil 2010; Hood et al. 2015). Variation among and within conifer species in chemical
(Zavarin et al. 1993; Taft et al. 2015; Bentz et al. 2017), and anatomical defenses
(Ferrenberg et al. 2014; Moreira et al. 2015) is well known and hypothesized to reflect
resistance to multiple bark beetle species (Phillips and Croteau 1999; Keeling and
Bohlmann 2006). Secondary metabolites include compounds (e.g., terpenes and their
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derivatives, phenolics) that can be toxic to attacking bark beetle adults (Cook and Hain
1988; Chui et al. 2017, Reid et al. 2017) and their eggs and larvae (Raffa and Berryman
1983), and inhibit the propagation of fungal symbionts (Franceschi et al. 2005).
Anatomical defenses are structural elements (e.g., resin ducts, lignified stone cells) that
can deter invading insects by providing physical and chemical barriers to nutrient-rich
tissues (Krokene et al. 2008; Hood et al. 2015).
Lignin, a common plant structural element, is one of the most naturally abundant
biopolymers in plant cell walls, exceeded only by cellulose (Freudenberg and
Neish 1968; Lewis and Sarkanen 1998). Lignin is deposited in the secondary cell wall of
all vascular plants (Sarkar et al. 2009; Bonawitz and Chapple 2010) providing structural
resilience against abiotic stressors (Boerjan et al. 2003; Rubin 2008; Moura et al. 2010;
Sadeghifar and Ragauskas 2020), and adding rigidity to xylem vessels for more efficient
water transport (Voelker et al. 2010). Lignin can increase plant resistance to degradation
by microorganisms (Kirk et al. 1979; Weng and Chapple 2010; Labeeuw et al. 2015), and
provide defense against pathogenic fungi (Nicholson and Hammerschmidt 1992; Bonello
and Blodgett 2003) and bacteria (Zhang et al. 2007). Cell wall lignification can also
confer tree resistance against multiple bark beetle species that chew through outer bark
and feed within the inner bark or phloem (Franceschi et al. 2005).
In the family Pinaceae, sclerenchyma cells of the phloem occur as large stone
cells that are primarily comprised of lignin (Wainhouse et al. 1990; Tao et al. 2009;
Whitehill et al. 2016). Increased stone cell concentrations within the phloem of Sitka
spruce (Picea sitchensis Bongard) were associated with decreased spruce weevil
(Pissodes strobi Peck) growth rate, survival, and fecundity, increased mandible wear, and
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disrupted larval establishment (Grau et al. 2001; King et al. 2011; Whitehill et al. 2016,
2019). Decreased growth rate and survival of great spruce bark beetle (Dendroctonus
micans Kugelann) larvae was also associated with increased lignin concentrations
(Wainhouse et al. 1990, 1998), and naturally occurring compounds originating from
lignin were found to have antifeedant effects on another bark-feeding beetle Hylobius
abietis (L.) (Borg-Karlson et al. 2006). Moreover, lignin synthase genes were found to be
more prevalent in spruce that were beetle-resistant (Whitehill et al. 2016). Because
lignified tissue is difficult to chew and digest (Wainhouse et al. 1990; Wainhouse and
Ashburner 1996; Whitehill et al. 2016), it can also reduce both nutritional quality and
nutrient bioavailability (Swain 1979; Rhoades 1985; Johnson et al. 2009). Lignin can
therefore act either as an indirect chemical defense (i.e., antifeedant or antinutritional) or
as a direct physical defense.
Pines (Pinus) are known to have evolved various defensive strategies against
phloem-feeding bark beetles, the most studied being secondary metabolites and resin
ducts. Secondary metabolite composition and concentration varies greatly among and
within Pinus species, including varying levels of constitutive concentrations and
concentrations following induction by a biotic inciter (Villari et al. 2014; Keefover-Ring
et al. 2016; Raffa et al. 2017). Resin duct density and duct area also vary among Pinus
species, and have been shown to confer resistance to bark beetle attack (Kane and Kolb
2010; Gaylord et al. 2013; Hood et al. 2015). In pines, however, evidence for the role of
lignin as a defensive mechanism against bark beetle attack and feeding is lacking. We
investigated lignin concentrations in the phloem and outer bark of three pine species
considered susceptible or resistant to a common and significant phloem feeder, the
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mountain pine beetle (MPB) (Dendroctonus ponderosae Hopkins). MPB has an extensive
distribution across western North America (Cooke and Carroll 2017; Dowle et al. 2017).
While the majority of Pinus species are considered MPB hosts (Wood 1982), successful
MPB attacks on P. balfouriana and P. longaeva are rare (Bentz et al. 2017), relative to
the commonly attacked P. flexilis (Langor 1989; Cleaver et al. 2015; Bentz et al. 2021).
In addition, MPB displayed aversion to P. longaeva in both field (Eidson et al. 2017) and
laboratory settings (Gray et al. 2015), and extremely few MPB offspring emerged from
manually infested P. longaeva relative to P. flexilis (Eidson et al. 2018). P. longaeva and
P. balfouriana also had high concentrations of constitutive secondary metabolite defense
compounds relative to co-occurring P. flexilis (Bentz et al. 2017). In this study, we
quantified lignin in the outer bark and phloem of the three co-occurring species from
multiple sites, and compared concentrations within and among species and between the
two tissue types. We hypothesized that the more MPB-resistant P. longaeva and P.
balfouriana would have greater lignin concentrations than co-occurring P. flexilis.
METHODS
Site Selection and Tree Sampling
Trees were sampled at five sites across the ranges of P. longaeva and P.
balfouriana, four of them within stands with co-occurring P. flexilis (Fig. 4-1; Table 4-1).
Four of the five sites were also sampled by Bentz et al. (2017). Equal numbers of P.
longaeva and P. flexilis trees were sampled at three geographically separated locations,
and equal numbers of Pinus balfouriana and P. flexilis were sampled at the Sierra
Nevada site. At the Klamath site P. flexilis was not present, and only P. balfouriana was
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sampled. At each site, 15 live trees of each species, with diameter breast height (DBH)
ranging from 30-46 cm, were sampled. Study sites without signs of MPB or pathogen
activity were chosen to avoid an influence of induced defenses.
Trees were sampled to assess lignin concentration (mg/g FW) within both the
outer bark and phloem by boring into the tree at DBH with a 1” diameter circular hole
saw. Four samples were taken at DBH on the north, south, west, and east facing aspects
of the tree bole to account for potential variation around the bole. Upon tissue removal,
phloem thickness (mm) was measured from the north and south aspect samples, bark and
phloem tissues were separated and immediately placed in a sealed vial in a cooler with
dry ice and transported to the Rocky Mountain Research Station (Logan, UT) for cold
storage (-40°C).
Lignin Extraction
In the laboratory, bark and phloem samples were prepared for lignin extraction
using a ceramic mortar and pestle to grind tissue samples, which were continuously
submerged in liquid nitrogen (-196°C). The mortar and pestle were cleaned with 95%
ethanol between each tissue sample. Tissues were ground to a fine powder and placed in
vials for lignin extraction. Lignin was extracted from the bark and phloem tissues using a
thioglycolic acid (also known as mercaptoacetic acid) digestion method (Villari et al.
2012). Spectral absorbance of lignin extracts was measured in a NanoDrop™ 3300
Fluorospectrometer (Thermofisher Scientific) at 280 nm and the measurements calibrated
using a standard curve of 0, 18, 45, 90, and 360 micrograms/mL. A 1:4 dilution was used
for phloem samples, and a 1:64 dilution used for bark samples due to higher lignin
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concentrations. All phloem samples were completely digested. Thirty-two bark samples
that did not undergo complete digestion (23% of total samples) were removed from
analysis. In addition, a single phloem sample from each species (2% of total samples)
exhibited lignin concentration >6x the standard deviation for each species. As the bark
contained remarkably higher lignin concentrations than the phloem, we removed these
three outlier data out of caution for potential tissue contamination. Adjusted sample sizes
for bark and phloem samples are shown in Table 4-1.
Statistical Analysis
We tested for trait (y) differences by species and population by assessing
differences among and/or within sites (j). The effect of species and population on phloem
and bark lignin concentrations, phloem thickness, and DBH were assessed with an
analysis of variance (ANOVA). Linear regression was used to assess the relationships
between phloem and bark lignin concentrations, phloem lignin concentration and phloem
thickness, DBH and phloem thickness, DBH and phloem lignin concentration, and DBH
and bark lignin concentration. Our model is hierarchically structured, accounting for
variation among sites (unless noted otherwise when making among-site comparisons) to
predict trait differences, and is described as follows:
(𝑛𝑛)

(𝑛𝑛)

where 𝑠𝑠𝑠𝑠𝑗𝑗

(𝑛𝑛)

𝑦𝑦𝑗𝑗𝑗𝑗 = 𝑠𝑠𝑠𝑠𝑗𝑗

(𝑛𝑛)

+ 𝑝𝑝𝑝𝑝𝑝𝑝(𝑛𝑛) + 𝑒𝑒𝑗𝑗𝑗𝑗

represents the species effect for the jth site for the nth trait, 𝑝𝑝𝑝𝑝𝑝𝑝(𝑛𝑛) represents
(𝑛𝑛)

the population effect for the nth trait, and 𝑒𝑒𝑗𝑗𝑗𝑗 is the residual error associated with the
mth observation of the jth site of the nth trait.
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The model parameters sp and pop were drawn from a normal distribution centered
on the mean (𝜇𝜇) and estimated variances (σ2) of our data. Specifically:
(𝑛𝑛)

𝜇𝜇𝜇𝜇𝜇𝜇𝑗𝑗

~ Normal (μ𝑠𝑠𝑠𝑠, 𝑠𝑠𝑠𝑠σ2)

𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(𝑛𝑛) ~ Normal (μ𝑠𝑠𝑠𝑠, 𝑝𝑝𝑝𝑝𝑝𝑝σ2)

The model parameters were given normal, uninformative priors with a wide
distribution,
μ𝑠𝑠𝑠𝑠, μ𝑝𝑝𝑝𝑝𝑝𝑝 ~ Normal (0,1000)

with the exception of the variance parameter, which was given a modest, Student-t prior
distribution,
𝑠𝑠𝑠𝑠σ2 , 𝑝𝑝𝑝𝑝𝑝𝑝σ2 ~ Student-t (0,10).

All analyses were conducted in R version 4.0.0 (R Core Team 2020). Bayesian
hierarchical models, accounting for variation among sites, were conducted via Markov
chain Monte Carlo (MCMC) sampling. The package “brms” (Bürkner 2017, 2018) was
used to compute 4 MCMC chains for 4,000 iterations, discarding the first 2,000 iterations
as burn-in and sampling the remaining 2000 iterations. All models were checked
graphically for convergence. Rhat (r̂) values (i.e., the Gelman–Rubin convergence
diagnostic (Gelman and Rubin 1992)), a ratio of variation within versus between MCMC
chains, were equal to 1, indicating thorough MCMC sampling and convergence of the
posterior distributions.
Using Bayesian MCMC estimates, a median estimate and quantified uncertainty
were derived for each model parameter. The median effect size (ES) and 95% Bayesian
credible intervals (CIBayes) were then calculated as the median difference in model
parameter estimates between comparison samples, bounded by the range of values
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indicating the equal-tailed 95% credible interval of the true parameter estimate, given the
data. The marginal probability (MP) that a parameter estimate is statistically different
(greater or less than, given the direction of the ES) than the test comparison (ANOVA) or
slope of zero (linear regression) was estimated by calculating the proportion of parameter
MCMC estimates greater (or less) than the comparison. We specify ‘credible’ differences
when MP > 90% (Buonanduci et al. 2020).
RESULTS
Sampled P. flexilis and P. balfouriana were similar in DBH, and both species
were smaller than P. longaeva (Table 2). P. flexilis had thinner phloem than P. longaeva
and P. balfouriana, but there were no differences between P. longaeva and P.
balfouriana (Fig. 2; Table 2). There were no credible relationships between DBH and
phloem thickness, DBH and phloem lignin concentrations, or DBH and bark lignin
concentrations in any species (Table 4-3).
Phloem lignin concentrations did not differ between P. longaeva and P.
balfouriana, but contrary to our hypotheses, P. flexilis had higher phloem lignin
concentrations than both other species (Fig. 4-3; Table 4-2). We found no species
differences in bark lignin concentrations (Fig. 4-3; Table 4-2). P. flexilis trees with
thicker phloem tended to have less phloem lignin concentrations, but we found no
relationship between phloem thickness and lignin concentration in P. longaeva or P.
balfouriana (Table 4-3). We found no relationship between phloem and bark lignin
concentrations in P. longaeva or P. flexilis, although P. balfouriana trees with higher
phloem lignin concentrations tended to have lower bark lignin concentrations (Table 4-3).
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Pinus flexilis phloem lignin concentrations were greatest at the Ruby site
compared to other sites. Bark lignin concentrations in P. flexilis were also greater at the
Ruby site compared to all sites except the Sierra Nevada site (Appendix 7: Table S7-1).
Within P. longaeva, the greatest phloem and bark lignin concentrations were also at the
Ruby site compared to other study sites, although the phloem lignin concentration was
not credible between the Ruby and Snake sites (Appendix 7: Table S7-1). We found no
credible differences in phloem or bark lignin concentrations between the two P.
balfouriana sites (Appendix 7: Table S7-1).
DISCUSSION
Pinus longaeva, P. balfouriana, and P. flexilis are relatively long-lived conifers
typically inhabiting high elevation habitats that are often resource-limited (Veblen 1986;
Baker 1992; Schuster et al. 1995). P. longaeva and P. balfouriana are considered less
attractive and more resistant to MPB attack than the frequently attacked P. flexilis (Gray
et al. 2015; Bentz et al. 2017; Eidson et al. 2017), and MPB brood production is greatly
limited in P. longaeva relative to P. flexilis (Eidson et al. 2018). Because lignin has
previously been shown to be a physical defense against bark beetles (Wainhouse et al.
1990; Whitehill et al. 2016, 2019), we hypothesized that P. longaeva and P. balfouriana
would also contain greater lignin concentrations in bark and phloem tissue compared to
P. flexilis. Contrary to our expectations, P. flexilis exhibited the highest concentrations of
phloem lignin, relative to co-occuring P. longaeva and P. balfouriana¸ although there
were no differences among the species in bark lignin. We also found no consistent
relationship between phloem and bark lignin concentrations at the tree level. These
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results suggest that in these species, lignin may not function as a direct defense against
MPB attack or brood production. Our findings are similar to previous studies that showed
phloem lignification did not differ among ash species (Fraxinus spp.) with varying
resistance to the emerald ash borer (Agrilus planipennis Fair.) (Cipollini et al. 2011;
Whitehill et al. 2012). Although constitutive phloem lignin concentrations, as was
measured in our study, may not provide direct defense, methyl jasmonate-induced
lignification within F. americana and F. pennsylvanica was associated with resistance to
the emerald ash borer (Whitehill et al. 2014). The potential for induced lignification in
the Pinus species we sampled has not been investigated.
Pinus flexilis has consistently been found to have less constitutive and induced
secondary metabolites than other species, including P. longaeva and P. balfouriana
(Ferrenberg et al. 2014; Bentz et al. 2017). Although interspecific differences in selective
pressure may have led to differences in investment in phloem chemical defenses (Raffa et
al. 2013; Bentz et al. 2017), our findings show an inverse relationship between phloem
chemical defenses and lignification. These results suggest that phloem lignification is not
selected in tandem with secondary metabolite compounds that are known to provide
defense against bark beetles (Franceschi et al. 2005; Keeling and Bohlmann 2006) and
that they may actually reflect an investment tradeoff. In our study, the thinner phloem of
P. flexilis had both greater lignin concentrations and absolute abundance than the thicker
phloem of P. balfouriana or P. longaeva, but bark lignin concentrations did not differ
among the species. These findings suggest that lignification within the phloem may be
under different selective pressures relative to bark, wherein trait associations and
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underlying mechanisms facilitating lignification may be unique to the nutrient transport
function of the phloem tissue.
We found that lignification was strongly site dependent in P. flexilis and P.
longaeva. The Ruby site had greater concentrations of both phloem and bark lignin
compared to other sites including the White site which had the lowest bark and lignin
concentrations. The 30-year average precipitation at the Ruby site was 5x greater than at
the White site suggesting a role for precipitation in lignification within the phloem and
bark. A positive correlation between precipitation and xylem lignification was also found
in Scots pine (Pinus sylvestris L.) (Hinterstoisser et al. 2001). Additional research is
needed to better understand the underlying genetic and/or environmental mechanisms
facilitating tissue lignification in Pinus.
In summary, greater lignification of feeding tissues has been shown to provide
defense against phloem feeding bark beetles in Picea (Wainhouse et al. 1990; Hudgins et
al. 2003; King et al. 2011; Whitehill et al. 2016). If defense is a strong selective factor
driving increased lignification in Pinus, we expected to find greater lignification within
both bark and phloem tissues of species considered less susceptibility to mountain pine
beetle. Contrary to expectations, we found that the more frequently attacked P. flexilis
had greater phloem lignin concentrations relative to the less MPB-susceptible P.
longaeva and P. balfouriana. Moreover, the species with the greatest phloem lignin
concentrations, P. flexilis, was previously found to have less secondary metabolite
defenses. While increased lignin may have an additive effect in MPB defenses, there may
be metabolic tradeoffs that are not accounted for between secondary metabolites and
lignin synthesis. Greater lignification within feeding tissues is therefore not generally
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adaptive as a defense against MPB, suggesting that other factors such as chemical
secondary metabolite concentration and composition are likely important in MPB brood
failure in P. longaeva. Because we found interspecific differences in phloem but not bark
lignin concentrations, the benefits and costs of lignification are likely specific to tissue
type. Both phloem and bark lignin concentrations were greatest at the site with the
greatest average precipitation, highlighting that lignification in Pinus may be driven by
environmental factors.
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TABLES
Table 4-1. Stand metrics of sites and their locations (see Fig. 1) including species sampled, latitude, longitude, elevation (m),
precipitation (30 yr. avg.; mm), number of phloem and bark samples, and mean ± standard error of DBH (diameter breast height; cm)
of each study population.
Site

Klamath
Snake
Ruby
Sierra Nevada
White Mountains

Pinus species

Latitude

Longitude

Elevation

Precipitation
30 yr. avg.*

P. balfouriana
---------P. longaeva
P. flexilis
P. longaeva
P. flexilis
P. balfouriana
P. flexilis
P. longaeva
P. flexilis

41.21700

-122.79700

1965

980.7 ± 0.36

39.28849

-114.20270

3048

603.9 ± 0.25

40.19808

-115.55583

2932

1518.2 ± 0.46

36.49560

-118.17834

3046

706.8 ± 0.43

37.39338

-118.19019

3127

280.9 ± 0.18

Number of
samples
(phloem/bark)
15/14

DBH

36.9 ± 1.13

15/13
15/10
15/8
15/13
14/12
15/15
14/13
14/5

40.7 ± 0.81
37.9 ± 1.02
40.5 ± 1.01
38.9 ± 0.82
37.7 ± 1.24
37.8 ± 1.26
38.5 ± 1.15
37.8 ± 0.93

* Precipitation data sourced from DAYMET (NASA; https://daymet.ornl.gov/).
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Table 4-2. Bayesian model estimates testing for species differences in diameter breast height (DBH; cm), phloem thickness (mm), and
phloem and bark lignin concentrations (g/mg FW) among P. flexilis, P. balfouriana, and P. longaeva. The median effect size (ES) is
the median difference in model parameter estimates between comparison samples. Also shown are the 95% Bayesian credible
intervals (CIBayes). The marginal probability (MP) is the probability that pairwise comparisons are statistically different, given the
direction of the ES. Values in bold represent estimates that are credibly different (MP > 90%).

P. flexilis vs P. balfouriana
P. flexilis vs P. longaeva
P. balfouriana vs P. longaeva

DBH
ES
(95% CIBayes)
0.45 (-1.77, 2.50)
-1.53 (-3.20, 0.12)
-1.97 (-4.21, 0.48)

MP
(%)
66.0
96.4
94.6

Phloem thickness
ES
MP
(95% CIBayes)
(%)
1.93 (-2.69, -1.22)
100
-2.37 (-2.80, -1.95)
100
-0.44 (-1.26, 0.40)
84.4

Phloem lignin
ES
MP
(95% CIBayes)
(%)
0.87 (0.41, 1.29)
100
1.04 (0.78, 1.30)
100
0.18 (-0.32, 0.72)
75.2

Bark lignin
ES
(95% CIBayes)
3.14 (-3.78, 10.5)
-1.56 (-6.89, 3.55)
-4.67 (-13.0, 2.96)

MP
(%)
81.1
73.5
88.4
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Table 4-3. Bayesian linear regression coefficients (i.e., slope) testing for the relationship between phloem thickness (mm) and DBH
(diameter breast height, cm), phloem thickness and phloem lignin concentrations (g/mg FW), phloem lignin concentrations and DBH,
bark lignin concentrations and DBH, and phloem and bark thickness across sampled populations of P. flexilis, P. balfouriana, and P.
longaeva. The median effect size (ES) and 95% Bayesian credible intervals (CIBayes) are shown. Values in bold represent estimates
that are credibly different (MP > 90%).

P. flexilis
P. balfouriana

Phloem thickness x
DBH
ES
MP
(95% CIBayes)
(%)
-0.02 (-0.12, 0.09) 64.4
-0.01 (-0.11, 0.08) 60.4

Phloem thickness x
Phloem lignin conc.
ES
MP
(95% CIBayes)
(%)
-0.30 (0.48, -0.12) 99.9
0.31 (-0.60, 1.28)
75.6

P. longaeva

0.02 (-0.03, 0.08)

0.23 (-0.46, 0.89)

82.1

75.6

Phloem lignin conc. x
DBH
ES
MP
(95% CIBayes)
(%)
-0.01 (-0.06, 0.05) 59.7
-0.01 (-0.03, 0.02) 82.1
0.02 (-0.03, 0.08)

70.4

Bark lignin conc. x
DBH
ES
MP
(95% CIBayes)
(%)
-0.11 (-0.96, -0.76) 60.3
-0.23 (-1.09, 0.64)
70.4
0.16 (-0.88, 1.17)

62.3

Phloem lignin conc. x
Bark lignin conc.
ES
MP
(95% CIBayes)
(%)
0.02 (-0.01, 0.04) 88.0
-0.01 (-0.02,
96.6
0.00)
0.00 (-0.01, 0.01) 50.6
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FIGURES

Fig. 4-1. Distributions of Great Basin bristlecone pine (Pinus longaeva), foxtail tail (P.
balfouriana), and limber pine (P. flexilis), and sample site locations (Table 1). Pine
distributions are based on Little (1971).
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Fig. 4-2. Mean ± standard error of phloem thickness in P. longaeva, P. balfouriana, and
P. flexilis, averaged across all sites (see Fig. 1; Table 1).
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Fig. 4-3. Phloem and bark lignin concentratons (mg/g FW) (mean ± standard error) in P.
longaeva, P. balfouriana, and P. flexilis averaged across all sites.
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CHAPTER 5
DISCUSSION
Due to a changing climate (IPCC 2014), mountain pine beetle (MPB) has
expanded its range northward and increased persistence at high elevations. This increased
exposure of high-elevation pine species to MPB attack pressure has resulted in increased
bark beetle-caused tree mortality among the pines that inhabit these ecosystems across
western north America (Meddens et al. 2012; Buotte et al. 2016). With increased
exposure to attacking beetles, the ability of pine species to defend against MPB will be
largely dictated by the levels of investment in chemical and anatomical defenses. Given
the forecasted climatic changes over the next few decades, a field assessment on MPB
response to warming temperatures is warranted. Moreover, few studies have assessed
resource allocation strategies of growth and chemical defenses among high-elevation pine
species (Erbilgin et al. 2017; Raffa et al. 2017), and a general understanding is lacking
with respect to induced defenses of P. aristata, P. flexilis, and P. contorta. In addition,
lignin has been shown to confer resistance against bark beetles within related Picea,
however, an assessment of the defensive function of lignin within Pinus is lacking.
In this dissertation, I aim to increase our understanding of the effects of a
changing climate on MPB population success and distribution, in addition to
characterizing resource allocation strategies related to growth and both chemical and
anatomical defenses among a subset of the high-elevation Pinus species that are predicted
to experience increases in MPB pressure. In chapter 2, I used a reciprocal field
translocation experiment, in parallel with a laboratory incubator study, to mimic a
changing climate and characterize the fitness response of MPB populations within a
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single generation. In chapter 3, I assessed the concentration and composition of
constitutive and induced secondary metabolite defenses within and among slowergrowing P. aristata and relatively faster-growing P. flexilis, in addition to a single
population of P. contorta, to help understand the relationships between growth and
defense and constitutive and induced defenses within these long-lived conifers. In
addition, I measured the rate of chemical composition of localized induced response after
inoculation with a MPB fungal symbiont. Finally, in chapter 4, I quantified lignin
concentrations within the bark and phloem of P. longaeva, P. balfouriana, and P. flexilis,
species known to vary in MPB-susceptibility, to assess the role of lignin as a defense
against MPB.
In chapter 2, I found that MPB populations are highly resilient to singlegeneration changes in climate regimes, displaying sustained or amplified reproductive
success, with trait variation attributable to both population genetic differences and
environmental plasticity. Using a reciprocal translocation experiment with populations
representative of the core (Utah) and southern edge (Arizona) of the MPB distribution, in
which we additionally reared each population at a novel site that was warmer than any of
MPB range, we found evidence for local adaptation and extensive plasticity in key fitness
traits that will sustain population persistence in these regions as temperatures warm. Our
results indicate a low likelihood of MPB extinction with warming temperatures that are
within the seasonal thermal regime of our study, as survival followed by natural selection
in subsequent generations will facilitate future adaptation to warming environments.
Both source populations showed their greatest reproductive success at a site that is
at a lower elevation than the current MPB range in Arizona, and was warmer than both
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Utah and Arizona population source locations. Even though host trees were present in
abundance (i.e., P. ponderosa), at this low-elevation site, absence of MPB in the
historical records suggests that factors other than direct temperature effects are
facilitating population presence and spread southward in low-elevation Pinus. Pinus also
extend south of the US into Mexico and Central America, but MPB activity in these areas
has been limited or absent (Armendáriz–Toledano et al. 2017). Pinus habitat within the
MPB range is projected to increase by 1 to 3°C between the periods 1981-2010 and 20112040 depending on season, latitude and elevation (Bentz et al. 2019). Given that both
MPB source populations increased reproductive success in the warm, lower elevation site
that was 5.5°C warmer than our coldest site, our results suggest a capacity for MPB to
persist with warming in Pinus hosts found in the core of its range and high-elevation
Pinus in its southern range. However, MPB migration further south into Mexico may be
hampered by the fragmented occurrence of potential Pinus hosts (Menon et al. 2018).
The potential to expand into lower elevation forests at the southern range edge, and
further southward, may also be limited, but likely by biotic interactions (e.g., competing
bark beetles) rather than direct temperature effects.
Neither MPB population developed on a bivoltine lifecycle, even at the warm,
low-elevation and out-of-range site where both populations overwintered in the last larval
instar prior to pupation. These results support previous studies suggesting that a coldinduced prepupal diapause limits MPB bivoltine lifecycles in habitats with relatively cold
winter temperatures (Bentz et al. 2014; Bentz and Powell 2014). Moreover, multiple
results from our study suggest that MPBs from the high-elevation Arizona site have a
warm-induced adult summer diapause that was not manifest in Utah beetles and has
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likely evolved to maintain univoltinism and seasonality in the prolonged growing season
at this site. The potential for bivoltinism, therefore, will be dictated by the different cues
that induce diapause in the two populations. Loss of seasonality and population success
may also occur if diapause cues are disrupted in a warming climate. As warming
continues, an understanding of limits to the observed plasticity and genetic variation in
multiple traits will be required to project future thermal regimes that maintain seasonality
(Bentz et al. 2019) and allow population persistence and expansion.
In chapter 3, I assessed tradeoffs in growth and constitutive and induced
secondary metabolite defenses, in addition to the rate and magnitude of an induced
response by inoculation of a fungal symbiont within P. aristata, P. flexilis, and P.
contorta. I found a slow but strong induced response in the three Pinus species to the
fungal inoculations that simulated MPB attack. Within the three Pinus species, an initial
induced response (i.e., within 4 days) was similar in both simulated MPB attack and
mechanical wounding, and a response specific to simulated MPB attack did not occur
until later, at day 30 in our study. Inducible defenses can be physiologically costly and
are considered traits with high adaptive potential (Cipollini and Heil 2010; Raffa 2014).
From an evolutionary perspective, a delayed response could be advantageous, wherein
resources are not over-allocated to general injuries, and are instead targeted at specific
enemies or life stages. The delay in induced response may also be constrained by the time
required for metabolic shifts and compound up-regulation.
Despite their similar growing conditions and susceptibility to MPB (Bentz et al.
2021), we found that P. aristata and P. flexilis have evolved different growth and defense
strategies in both concentration and type of secondary metabolite defenses. Among
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species, tradeoffs between growth and defenses were inconsistent, and no tradeoffs were
observed among the species in constitutive and induced defenses. Pinus aristata grew
slower and had higher concentrations of both constitutive and inducible secondary
metabolite defenses, predominately monoterpenoids, with P. flexilis exhibiting the largest
induction of sesquiterpenoids. The role of monoterpenoids in resistance to MPB is wellstudied, although relatively little is known about sesquiterpenoids and their role in
herbivory. Faster-growing P. contorta had lower constitutive defenses but greater
induced defenses than slower-growing P. aristata and P. flexilis, providing additional
support for differing resource allocation strategies between growth and constitutive and
induced defenses among Pinus species. Others have found that co-occurring Pinus
species have varying defense strategies despite similar MPB attack levels (West et al.
2014, 2016; Bentz et al. 2015), highlighting the diversity of defensive tactics and
resource allocation strategies within Pinus. We also found no intraspecific tradeoffs, and
our results suggest a role for environmental influences on variation in defenses among
Pinus populations. Absolute concentrations of constitutive and inducible monoterpenoids
in P. aristata and constitutive and inducible sesquiterpenoids in P. flexilis were greatest
at the most southern site where trees were the youngest and also the fastest growing. Our
assessment of resource allocation strategies among and within Pinus species provides
insight into evolved life history strategies and highlights the complexity of predicting
plant–insect interactions.
In chapter 4, I assessed lignin concentrations within the bark and phloem of P.
longaeva, P. balfouriana, and P. flexilis, species known to vary in MPB-susceptibility, to
assess the function of lignin as a defense again MPB attack and brood success. Greater
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lignification of feeding tissues has been shown to provide defense against phloem feeding
bark beetles in Picea (Wainhouse et al. 1990; Hudgins et al. 2003; King et al. 2011;
Whitehill et al. 2016). If defense is a strong selective factor driving increased
lignification in Pinus, we expected to find greater lignification within both bark and
phloem tissues of species considered less susceptible to MPB. P. longaeva and P.
balfouriana are considered less attractive and more resistant to MPB attack than the
frequently attacked P. flexilis (Gray et al. 2015; Bentz et al. 2017; Eidson et al. 2017),
and MPB brood production is greatly limited in P. longaeva relative to P. flexilis (Eidson
et al. 2018). Because lignin has previously been shown to be a physical defense against
bark beetles (Wainhouse et al. 1990; Whitehill et al. 2016, 2019), we hypothesized that P.
longaeva and P. balfouriana would also contain greater lignin concentrations in bark and
phloem tissue compared to P. flexilis.
Contrary to expectations, we found that the more frequently attacked P. flexilis
had greater phloem lignin concentrations relative to the less MPB-susceptible P.
longaeva and P. balfouriana. Moreover, the species with the greatest phloem lignin
concentrations, P. flexilis, was previously found to have less secondary metabolite
defenses. While increased lignin may have an additive effect in MPB defenses, there may
be metabolic tradeoffs that are not accounted for between secondary metabolites and
lignin synthesis. Greater lignification within feeding tissues is therefore not generally
adaptive as a defense against MPB, suggesting that other factors such as chemical
secondary metabolite concentration and composition are likely important in MPB brood
failure in P. longaeva. Because we found interspecific differences in phloem but not bark
lignin concentrations, the benefits and costs of lignification are likely specific to tissue
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type. Both phloem and bark lignin concentrations were greatest at the site with the
greatest average precipitation, highlighting that lignification in Pinus may be driven by
environmental factors.
The overall goal of this dissertation was to better understand the role of climate on
the persistence and success of mountain pine beetle populations, in addition to the
chemical and anatomical defense characteristics within and among a subset of the highelevation Pinus hosts that are experiencing climate-related increases in MPB pressure.
While direct temperature effects on MPB fitness have been well-studied within the
laboratory setting, a controlled field assessment was lacking. In addition, MPB northern
range expansion has been well-documented with changing climate cited as the primary
driver, however, an investigation of the factors facilitating the relatively unmoved
southern range boundary had been absent. Using theoretical frameworks that have
historically predicted tradeoffs among carbon-based fitness traits, I examined the evolved
growth and defense strategies within and among long-lived pines by characterizing the
concentration and composition of constitutive and induced secondary metabolite
defenses. In addition, I assessed the role of lignin as an evolved Pinus defense against
MPB. These results further our understanding of the role of climate on MPB population
success and the susceptibility of the high-elevation forests that they impact, providing
important implications for future management and forest dynamics forecasting.
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APPENDIX 1
CHAPTER 2 SUPPLEMENTAL INFORMATION

Fig. S1-1. A-frame structures housing mountain pine beetle-infested bolts in the field
translocation experiment. Each bolt has a temperature probe on the south bole aspect, and
all bolts were enclosed in escape-proof netting with a funnel and cup for collection of
emerging progeny adults.
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Fig. S1-2. Mountain pine beetle infested bolt inside an incubator in the laboratory
experiment. Infested bolts were enclosed in netting with tubes for collecting emerged
adults. Photo: Erika Eidson.
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APPENDIX 2
CHAPTER 2 SUPPLEMENTAL INFORMATION
Table S2-1. Relative site growing-degree-hour (GDH) heat unit (GDH >10°C) and cold
unit (GDH <0°C) accumulations. Shown are the relative site heat unit accumulations
compared to the warmest site (SAZ-low) and the relative site cold unit accumulations
compared to the coldest site (SUT).
Heat units
Site comparisons
% relative
SAZ-low vs SAZ-high
91.1
Cold units

SAZ-low vs SUT

48.6

SUT vs SAZ-low

9.7

SUT vs SAZ-high

17.2
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Table S2-2. Growing-degree-hour (GDH) comparisons among infested bolts of two
populations (PUT, PAZ) at each field site. Cumulative heat units (growing degree hours
>10°C) and cold units (<0°C) were based on phloem temperatures of infested bolts at
each site (9 bolts per population per site). The marginal probability (MP) is the
probability that pairwise comparisons are statistically different.
Heat units
Cold units
Population
Site
MP
MP
(%)
(%)
PUT vs PAZ
SUT
55.5
54.1
SAZ-high

71.4

53.5

SAZ-low

66.9

62.7

APPENDIX 3
CHAPTER 2 SUPPLEMENTAL INFORMATION
Table S3-1. Bayesian model estimates of mountain pine beetle fitness traits reproductive success (number of mountain pine beetle
emerged per successful gallery), supercooling point, generation time (time from infestation to emergence), female and male size
(pronotal width), and supercooling point at three sites (i.e., SAZ-low, SAZ-high, SUT) in the field experiment. Sample size (N) and Bayesian
median and 95% credible intervals (CIBayes) are shown for each population and site.
Field
Experiment
Populatio
n
PUT

PAZ

Reproductive success
(number emerged)
Site

N

SUT

Generation time
(Days)
N

42

Median
(95% CIBayes)
19.9 (17.7, 22.0)

SAZ-high

34

SAZ-low

Size male
(mm)

N Median
(95% CIBayes)
534 2.22 (2.18, 2.25)

N

1299

Median
(95% CIBayes)
383.4 (381.3, 385.5)

342

Median
(95% CIBayes)
1.95 (1.91, 1.98)

20.2 (17.3, 23.1)

1021

354.2 (352.0, 356.2)

502

2.18 (2.14, 2.21)

363

1.95 (1.91, 1.98)

58

24.3 (22.4, 26.2)

1981

348.5 (346.3, 350.5)

997

2.19 (2.16, 2.22)

614

1.05 (1.91, 1.98)

SUT

59

13.6 (11.7, 15.7)

1566

395.8 (393.7, 397.9)

358

2.31 (2.28, 2.35)

409

2.05 (2.02, 2.09)

SAZ-high

76

20.5 (18.6, 22.3)

1808

364.7 (362.7, 366.7)

548

2.27 (2.24, 2.31)

464

2.01 (1.97, 2.04)

SAZ-low

58

28.6 (26.7, 30.8)

1952

364.2 (362.2, 366.1)

610

2.30 (2.27, 2.33)

473

2.01 (1.98, 2.05)

Supercooling Point
(°C)
Populatio
n
PUT

Size female
(mm)

Site

N

SUT

Emergence synchrony
(SD Days)

Female proportion
(♀/♀+♂)

9

Median
(95% CIBayes)
0.60 (0.54, 0.66)

SAZ-high

60

-28.5 (-31.5, -25.6)

1021

5.89 (5.65, 6.15)

9

0.50 (0.44, 0.56)

SAZ-low

60

-21.2 (-24.0, -18.3)

1981

6.00 (5.82, 6.19)

9

0.57 (0.51, 0.63)
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N Median
(95% CIBayes)
1299 6.04 (5.80, 6.28)

N

59

Median
(95% CIBayes)
-29.6 (-32.5, -26.5)

PAZ

SUT

55

-25.9 (-28.8, -22.7)

1566

4.53 (4.39, 4.70)

9

0.61 (0.54, 0.67)

SAZ-high

60

-21.8 (-24.8, -18.8)

1808

6.67 (6.46, 6.87)

9

0.54 (0.47, 0.60)

SAZ-low

49

-16.8 (-19.7, -13.8)

1952

6.94 (6.73, 7.17)

9

0.55 (0.29, 0.62)
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Table S3-2. Bayesian model estimates of mountain pine beetle fitness traits reproductive success (number of mountain pine beetle
emerged per successful gallery), generation time (time from infestation to emergence), female and male size (pronotal width),
emergence synchrony (defined as the standard deviation of generation time), and female proportion in the laboratory experiment.
Sample size (N) and Bayesian median and 95% credible intervals (CIBayes) are shown for each population.
Laboratory
experiment
Population
PUT

PAZ

Population
PUT

PAZ

1012

Generation time
(Days)
Median
(95% CIBayes)
115.0 (111.8, 119.2)

36.5 (33.9, 39.4)

1035

45

40.6 (37.7, 43.3)

36

36.5 (36.7, 42.0)

Temp

N

18°C

40

25°C

32

18°C
25°C

Reproductive success
(number emerged)
Median
(95% CIBayes)
39.5 (36.7, 42.0)

205

Size female
(mm)
Median
(95% CIBayes)
2.13 (2.11, 2.15)

113.7 (109.7, 118.5)

189

2.00 (1.98, 2.02)

1684

99.4 (96.0, 103.8)

260

2.29 (2.27, 2.31)

1195

74.5 (70.5, 79.3)

251

2.16 (2.14, 2.18)

N
4

Female proportion
(♀/♀+♂)
Median
(95% CIBayes)
0.56 (0.49, 0.63)

N

Temp

N

18°C

145

Size male
(mm)
Median
(95% CIBayes)
1.92 (1.90, 1.94)

25°C

107

1.81 (1.79, 1.83)

1035

12.1 (11.6, 12.6)

3

0.65 (0.58, 0.72)

18°C

234

2.04 (2.02, 2.05)

1684

11.3 (10.9, 11.7)

4

0.53 (0.46, 0.60)

25°C

141

1.89 (1.87, 1.91)

1195

11.4 (11.0, 11.9)

3

0.65 (0.58, 0.72)

N
1012

Emergence synchrony
(SD Days)
Median
(95% CIBayes)
15.1 (14.4, 15.7)

N
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Table S4-1. Female versus male size differences for each population at three sites in the
field experiment (i.e., SAZ-low, SAZ-high, SUT) and two temperatures in the laboratory
experiment (i.e., 18°C, 25°C). The median effect size (ES) and 95% Bayesian credible
intervals (CIBayes) are shown. The marginal probability (MP) is the probability that
pairwise comparisons are statistically different, given the direction of the ES.
Female vs. Male
Field experiment
Population
Site
SAZ-low

Size (mm)
ES
(95% CIBayes)
0.25 (0.23, 0.26)

MP
(%)
100

SAZ-high

0.23 (0.21, 0.25)

100

SUT

0.26 (0.24, 0.28)

100

SAZ-low

0.28 (0.26, 0.30)

100

SAZ-high

0.27 (0.25, 0.28)

100

SUT
Laboratory experiment
PUT
18°C

0.25 (0.23, 0.27)

100

0.21 (0.18, 0.25)

100

25°C

0.19 (0.15, 0.23)

100

18°C

0.25 (0.22, 0.28)

100

25°C

0.25 (0.22, 0.29)

100

PUT

PAZ

PAZ

Table S4-2. Field experiment Bayesian model estimates testing the genetic (g; PUT, PAZ), site (E; SAZ-low, SAZ-high, SUT), and genetic-byenvironmental (gE) effects of mountain pine beetle fitness traits of female and male size (pronotal width). The median effect size (ES)
and 95% Bayesian credible intervals (CIBayes) are shown. The marginal probability (MP) is the probability that pairwise comparisons
are statistically different, given the direction of the ES. Size of female and male adults differed credibly, both in field and laboratory
environments (Table S1-1) and adult sizes were therefore analyzed separately by sex.
Field experiment
Population

Size female
(mm)
Site

ES
(95% CIBayes)

MP
(%)

ES
(95% CIBayes)

MP
(%)

SAZ-low vs SAZ-high

0.02 (-0.03, 0.07)

77.6

-0.00 (-0.05, 0.05)

52.5

SAZ-high vs SUT

0.07 (-0.09, 0.01)

95.2

0.00 (-0.05, 0.05)

50.5

SAZ-low vs SUT

-0.02 (-0.07, 0.02)

84.0

-0.00 (-0.05, 0.05)

53.4

SAZ-low vs SAZ-high

0.03 (-0.02, 0.07)

85.0

0.01 (-0.04, 0.05)

62.3

SAZ-high vs SUT

-0.03 (0.09, 0.01)

92.6

-0.05 (-0.09, 0.00)

97.1

SAZ-low vs SUT

-0.01 (-0.06, 0.04)

65.3

-0.04 (-0.09, 0.01)

95.3

SUT

-0.09 (-0.14, -0.04)

99.9

-0.10 (-0.15, -0.05)

100

SAZ-high

-0.09 (-0.15, -0.05)

100

-0.06 (-0.11, -0.01)

99.2

SAZ-low

-0.l0 (-0.15, -0.06)

100

-0.07 (-0.12, -0.02)

99.7

SAZ-low vs SAZ-high

-0.01 (-0.07, 0.06)

58.6

-0.01 (-0.07, 0.06)

60.1

SAZ-high vs SUT

-0.01 (-0.07, 0.06)

57.1

0.05 (-0.02, 0.11)

90.7

SAZ-low vs SUT

-0.01 (-0.08, 0.06)

65.0

0.04 (-0.03, 0.11)

86.8

Environment (E)
PUT

PAZ

Size male
(mm)

Source population (g)
PUT vs PAZ

Relative environmental effects (gE)
PUT vs PAZ
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Table S4-3. Laboratory experiment Bayesian model estimates testing the genetic (g; PUT,
PAZ), temperature (E; 18°C, 25°C), and genetic-by-environmental (gE) effects of
mountain pine beetle fitness traits of female and male size (pronotal width). The median
effect size (ES) and 95% Bayesian credible intervals (CIBayes) are shown. The marginal
probability (MP) is the probability that pairwise comparisons are statistically different,
given the direction of the ES. Size of female and male adults differed credibly, both in
field and laboratory environments (Table S1) and adult sizes were therefore analyzed
separately by sex.
Laboratory experiment
Population

Temperature

Environment (E)

Size female
(mm)

Size male
(mm)

ES
(95% CIBayes)

MP
(%)

ES
(95% CIBayes)

MP
(%)

PUT

25°C vs 18°C

-0.13 (-0.16, -0.10)

100

-0.11 (-0.14, -0.08)

100

PAZ

25°C vs 18°C

-0.13 (-0.15, -0.11)

100

-0.14 (-0.17, -0.12)

100

18°C

-0.16 (-0.19, -0.14)

100

-0.12 (-0.14, -0.09)

100

25°C

-0.16 (-0.19, -0.14)

100

-0.08 (0.05, 0.11)

100

50.7

-0.03 (-0.07, 0.01)

95.1

Source population (g)
PUT vs PAZ

Relative environmental effects (gE)
PUT vs PAZ

25°C vs 18°C

-0.00 (-0.04, 0.04)
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Fig. S4-1. Fitness traits of adult size (female and male) of northern UT (PUT) and
southern AZ (PAZ) mountain pine beetle populations when reared in the (a) field at three
sites and the (b) laboratory at two constant temperatures (18ºC and 25ºC) and a 12:12 hr.
photoperiod. Shown are the mean (±95% CIfreq) model estimates among 4 bolts per
population at 18ºC, and 3 bolts per population at 25ºC. Asterisks are shown where
genetic differences (i.e., due to source population) were significantly different (>95%
MP) at a laboratory temperature (see Tables S2, S3).
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Table S5-1. Bayesian model estimates for developmental index of four larval instars in
the field experiment (i.e., SAZ-low, SAZ-high, SUT). For example, an estimate of 4.00
indicates that all individuals were 4th instar larvae. Sample size (N) and Bayesian mean
and 95% credible intervals (CIBayes) are shown for each study population.
Developmental Index
Winter
N
Median
(95% CIBayes)
58 3.49 (3.17, 3.82)

N

36

Fall
Median
(95% CIBayes)
3.35 (2.88, 3.82)

51

Spring
Median
(95% CIBayes)
3.82 (3.71, 3.91)

SAZ-high

28

3.31 (2.86, 3.76)

60

3.55 (3.22, 3.89)

30

4.00 (3.89, 4.11)

SAZ-low

34

4.00 (3.55, 4.46)

60

3.88 (3.57, 4.23)

52

3.99 (3.90, 4.10)

SUT

44

3.49 (3.02, 3.92)

53

3.82 (3.48, 4.17)

51

3.92 (3.82, 4.02)

SAZ-high

44

3.64 (3.18, 4.06)

60

3.61 (3.26, 3.94)

31

3.90 (3.79, 4.01)

SAZ-low

34

3.92 (3.49, 4.36)

47

3.99 (3.65, 4.34)

39

4.00 (3.89, 4.11)

Field experiment
Populatio Site
n
PUT
SUT

PAZ

N

Table S5-2. Field experiment Bayesian model estimates testing if the effect of mountain pine beetle population (i.e., PUT, PAZ) and site
(i.e., SAZ-low, SAZ-high, SUT) on supercooling point (°C) by instar lifestage at three sample periods (fall 2016, winter 2017 and spring
2017). The median effect size (ES) and 95% Bayesian credible intervals (CIBayes) are shown. The marginal probability (MP) is the
probability that pairwise comparisons are statistically different, given the direction of the ES.
Field experiment
Population Site
PUT

PAZ

MP
(%)
NA

Instar lifestage (LS)
Winter
ES
MP
(95% CIBayes)
(%)
0.36 (-3.69, 4.45)
57.9

Spring

SAZ-low

4 vs 3

ES
(95% CIBayes)
NA

SAZ-

4 vs 3

7.31 (2.55, 12.07)

99.8

2.02 (-2.54, 6.51)

82.0

NA

NA

SUT

4 vs 3

3.81 (-0.63, 8.00)

95.2

-1.80 (-6.85, 3.87)

75.8

0.11 (-1.98, 2.19)

53.0

SAZ-low

4 vs 3

0.28 (-4.80, 5.37)

54.7

-3.61 (-2.84, 10.01)

87.3

0.04 (-3.93, 4.00)

50.8

SAZ-

4 vs 3

-1.50 (-5.16, 2.07)

79.7

0.78 (-3.87, 5.47)

63.2

1.30 (-1.11, 3.67)

85.9

4 vs 2

0.27 (-6.54, 6.60)

53.4

NA

NA

NA

NA

3 vs 2

1.73 (-5.04, 8.21)

70.0

NA

NA

NA

NA

4 vs 3

3.22 (-0.40, 7.34)

95.9

-2.13 (-6.03, 1.64)

87.4

0.79 (-1.55, 3.08)

73.5

4 vs 2

8.95 (2.30, 15.73)

99.7

NA

NA

NA

NA

3 vs 2

5.66 (-0.80, 12.41)

95.8

NA

NA

NA

NA

high

high

SUT

LS

Fall

ES
(95% CIBayes)
NA

MP
(%)
NA
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Table S5-3. Field experiment Bayesian model estimates testing the genetic (g; PUT, PAZ),
site (E; SAZ-low, SAZ-high, SUT), and genetic-by-environmental (gE) effects of mountain pine
beetle fitness traits of female and male size (pronotal width), and female proportion
(proportion mountain pine beetle emerged as female relative to male). The median effect
size (ES) and 95% Bayesian credible intervals (CIBayes) are shown. The marginal
probability (MP) is the probability that pairwise comparisons are statistically different,
given the direction of the ES. Size of female and male adults differed credibly, both in
field and laboratory environments (Table S1) and adult sizes were therefore analyzed
separately by sex.
Field experiment
Population

Female proportion
(♀/♀+♂)
Site

ES
(95% CIBayes)

MP
(%)

SAZ-low vs SAZ-high

0.07 (-0.02, 0.15)

92.6

SAZ-high vs SUT

-0.10 (-0.18, -0.1)

98.6

SAZ-low vs SUT

-0.03 (-0.12, 0.06)

77.5

SAZ-low vs SAZ-high

0.01 (-0.07, 0.11)

62.3

SAZ-high vs SUT

-0.07 (-0.16, 0.02)

93.3

SAZ-low vs SUT

-0.05 (-0.14, 0.03)

89.2

SUT

0.00 (-0.09, 0.08)

53.6

SAZ-high

0.04 (-0.1, 0.05)

79.3

SAZ-low

0.02 (-0.07, 0.10)

64.7

SAZ-low vs SAZ-high

0.05 (-0.07, 0.18)

79.9

SAZ-high vs SUT

-0.03 (-0.15, 0.09)

69.9

SAZ-low vs SUT

0.02 (-0.10, 0.14)

63.3

Environment (E)
PUT

PAZ

Source population (g)
PUT vs PAZ

Relative environmental effects (gE)
PUT vs PAZ
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Table S5-4. Laboratory experiment Bayesian model estimates testing the genetic (g; PUT,
PAZ), temperature (E; 18°C, 25°C), and genetic-by-environmental (gE) effects of
mountain pine beetle fitness traits of female proportion (proportion mountain pine beetle
emerged as female relative to male). The median effect size (ES) and 95% Bayesian
credible intervals (CIBayes) are shown. The marginal probability (MP) is the probability
that pairwise comparisons are statistically different, given the direction of the ES. Size of
female and male adults differed credibly, both in field and laboratory environments
(Table S5-1) and adult sizes were therefore analyzed separately by sex.
Laboratory experiment
Population

Temperature

Environment (E)

Female proportion
(♀/♀+♂)
ES
MP
(95% CIBayes)
(%)

PUT

25°C vs 18°C

0.09 (-0.01, 0.19)

95.9

PAZ

25°C vs 18°C

0.12 (0.02, 0.22)

99.1

0.03 (-0.06, 0.12)

75.4

25°C
0.00 (-0.10, 0.10)
Relative environmental effects (gE)

50.2

Environment (g)
PUT vs PAZ

PUT vs PAZ

18°C

25°C vs 18°C

0.03 (-0.11, 0.17)

68.1
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Fig. S5-1. Phloem temperatures and supercooling points for source populations (PUT, PAZ)
at three field sites (SUT, SAZ-high, SAZ-low) to illustrate mountain pine beetle cold-hardening
relative to environmental temperatures. Shown are weekly phloem maximum (bold line)
and minimum (dashed line) temperatures on the south side of infested bolts, and
supercooling point measurements (mean ± 95CIfreq) (filled circles and triangles) for each
source population at a site. X-axis labels show Julian dates in 2016 and 2017 when
mountain pine beetle supercooling points were estimated at each site.
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Fig. S5-2. Supercooling points (°C) for two populations (PUT, PAZ) at three field sites
(SAZ-low, SAZ-high, and SUT) across three sampling periods (fall, winter, spring).
Supercooling points did not differ credibly between lifestages, except for in the SUT fall
sample (Table S5-2). Only winter samples were used for analyses of genetic and
environmental sources of variation on cold-hardening, and all individuals in these
samples were pooled by site and population.
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Fig. S5-3. Fitness traits of female proportion (proportion mountain pine beetle emerged
as female relative to male) of northern UT (PUT) and southern AZ (PAZ) mountain pine
beetle populations when reared in the (a) field at three sites and the (b) laboratory at two
constant temperatures (18ºC and 25ºC) and a 12:12 hr. photoperiod. Shown are the mean
(±95% CIfreq) model estimates among 4 bolts per population at 18ºC, and 3 bolts per
population at 25ºC. Asterisks are shown where genetic differences (i.e., due to source
population) were significantly different (>95% MP) at a laboratory temperature (see
Tables S5-3, S5-4).
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Table S6-1. Total constitutive (Day 0) phloem concentration (mg compound g-1 d.w.;
mean ± se) and proportion (%) of total quantified terpenoids (i.e., mono-,
sesquiterpenoid), benzenoids, and hydrocarbons in P. aristata, P. flexilis, and P. contorta.
Compounds are grouped by their secondary metabolite class and listed in decreasing
order of concentration for P. aristata.
Secondary Metabolites
(Total)
Monoterpenoids
(Total)
𝛿𝛿-3-carene
Thymol methyl ether
β-phellandrene
(-)-limonene
(+/-)-β-pinene
Terpinolene
(-)-α-pinene
Sabinene
β-myrcene
α-terpinene-2
MT7
MT1
MT9
γ-terpinene
(+)-α-pinene
Bornyl acetate
Terpinolene-2
MT2
(+)-camphene
(+)-limonene
MT4
Limonene oxide
cis-β-ocimene
MT8
MT3
Terpinene-4-ol
MT6
(-)-camphene
Linalool
MT5
Tricyclene
Sesquiterpenoids
(Total)
ST4
ST2
ST8
ST1
ST5
ST3
ST9
ST7
Caryophellene
β-farnesene
α-humulene
β-elemene
Tridecane

%
mean ± se

P. aristata

Abs.
mean ± se

P. flexilis
%
Abs.
mean ± se
mean ± se

P. contorta
%
Abs.
mean ± se
mean ± se

100

28.931 ± 1.982

100

1.692 ± 0.167

100

9.065 ± 1.102

90.598 ± 0.533
31.548 ± 1.968
21.672 ± 1.255
8.735 ± 0.441
7.676 ± 0.438
7.412 ± 0.481
5.541 ± 0.125
2.903 ± 0.104
1.805 ± 0.082
1.611 ± 0.029
1.496 ± 0.050
1.186 ± 0.076
0.613 ± 0.025
0.571 ± 0.068
0.562 ± 0.016
0.533 ± 0.076
0.328 ± 0.061
0.206 ± 0.013
0.184 ± 0.015
0.158 ± 0.036
0.170 ± 0.006
0.139 ± 0.016
0.114 ± 0.012
0.113 ± 0.067
0.072 ± 0.007
0.066 ± 0.010
0.025 ± 0.007
0.024 ± 0.006
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
NA

27.583 ± 1.890
9.192 ± 0.888
6.063 ± 0.559
2.534 ± 0.225
2.271 ± 0.228
2.155 ± 0.228
1.628 ± 0.124
0.819 ± 0.055
0.538 ± 0.051
0.470 ± 0.034
0.448 ± 0.034
0.354 ± 0.037
0.181 ± 0.016
0.172 ± 0.026
0.164 ± 0.013
0.140 ± 0.021
0.081 ± 0.014
0.060 ± 0.006
0.050 ± 0.004
0.055 ± 0.023
0.047 ± 0.003
0.035 ± 0.004
0.031 ± 0.003
0.032 ± 0.019
0.020 ± 0.002
0.022 ± 0.004
0.007 ± 0.002
0.008 ± 0.002
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
NA

78.608 ± 1.925
10.795 ± 2.096
2.086 ± 0.266
2.094 ± 0.369
18.147 ± 1.842
8.855 ± 0.751
2.837 ± 0.225
10.907 ± 1.269
5.281 ± 0.531
2.918 ± 0.304
0.661 ± 0.112
0.046 ± 0.006
0.630 ± 0.123
0.039 ± 0.008
0.994 ± 0.074
18.381 ± 1.647
0.916 ± 0.265
0.142 ± 0.028
0.078 ± 0.009
1.297 ± 0.200
0.318 ± 0.022
0.008 ± 0.002
0.078 ± 0.015
0.218 ± 0.029
0.061 ± 0.010
0.017 ± 0.003
0.037 ± 0.006
0.021 ± 0.003
0.009 ± 0.002
0.016 ± 0.002
0.009 ± 0.001
NA

1.542 ± 0.163
0.232 ± 0.054
0.033 ± 0.005
0.043 ± 0.012
0.331 ± 0.057
0.170 ± 0.029
0.052 ± 0.007
0.174 ± 0.026
0.092 ± 0.014
0.049 ± 0.007
0.012 ± 0.002
0.001 ± 0.001
0.009 ± 0.002
0.001 ± 0.001
0.014 ± 0.002
0.282 ± 0.039
0.013 ± 0.004
0.001 ± 0.001
0.001 ± 0.001
0.013 ± 0.002
0.005 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.003 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.001 ± 0.004
0.001 ± 0.001
0.001 ± 0.001
NA

93.158 ± 2.384
5.630 ± 1.616
0.159 ± 0.024
64.390 ± 3.790
3.714 ± 1.303
6.886 ± 1.370
2.004 ± 0.423
2.751 ± 0.159
0.350 ± 0.038
3.682 ± 0.771
0.599 ± 0.246
0.103 ± 0.012
0.240 ± 0.022
0.005 ± 0.003
0.159 ± 0.021
1.418 ± 0.134
0.022 ± 0.006
0.054 ± 0.026
0.334 ± 0.035
0.263 ± 0.014
0.521 ± 0.022
0.001 ± 0.001
0.001 ± 0.001
0.125 ± 0.029
0.002 ± 0.001
0.001 ± 0.001
0.022 ± 0.005
0.001 ± 0.001
0.009 ± 0.002
0.001 ± 0.001
0.002 ± 0.001
0.107 ± 0.006

8.767 ± 1.119
0.573 ± 0.212
0.014 ± 0.002
5.857 ± 0.839
0.300 ± 0.082
0.586 ± 0.125
0.183 ± 0.037
0.249 ± 0.033
0.033 ± 0.007
0.352 ± 0.098
0.07 ± 0.048
0.010 ± 0.002
0.023 ± 0.004
0.001 ± 0.001
0.016 ± 0.004
0.134 ± 0.025
0.002 ± 0.001
0.004 ± 0.002
0.031 ± 0.006
0.024 ± 0.004
0.047 ± 0.006
0.001 ± 0.001
0.001 ± 0.001
0.010 ± 0.003
0.001 ± 0.001
0.001 ± 0.001
0.002 ± 0.001
0.001 ± 0.001
0.010 ± 0.002
0.001 ± 0.001
0.001 ± 0.001
0.010 ± 0.001

3.927 ± 0.229
1.146 ± 0.117
0.901 ± 0.099
0.461 ± 0.053
0.391 ± 0.040
0.353 ± 0.043
0.345 ± 0.038
0.261 ± 0.034
0.164 ± 0.017
0.073 ± 0.009
0.034 ± 0.004
0.034 ± 0.004
0.025 ± 0.014
NA

1.245 ± 0.109
0.348 ± 0.046
0.271 ± 0.033
0.133 ± 0.018
0.116 ± 0.013
0.112 ± 0.018
0.099 ± 0.015
0.069 ± 0.010
0.048 ± 0.006
0.021 ± 0.003
0.010 ± 0.001
0.010 ± 0.001
0.006 ± 0.002
NA

9.008 ± 0.812
0.085 ± 0.024
0.892 ± 0.119
1.332 ± 0.193
0.160 ± 0.021
0.900 ± 0.291
0.086 ± 0.020
0.364 ± 0.087
6.361 ± 0.936
0.388 ± 0.053
0.128 ± 0.020
0.253 ± 0.048
0.040 ± 0.010
0.146 ± 0.030

0.144 ± 0.016
0.001 ± 0.001
0.012 ± 0.002
0.025 ± 0.006
0.003 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.004 ± 0.001
0.078 ± 0.013
0.006 ± 0.001
0.001 ± 0.001
0.003 ± 0.001
0.001 ± 0.001
0.002 ± 0.001

2.458 ± 0.901
0.039 ± 0.009
0.247 ± 0.065
0.153 ± 0.034
0.116 ± 0.027
0.005 ± 0.001
0.009 ± 0.002
1.849 ± 0.843
0.186 ± 0.087
0.045 ± 0.020
0.002 ± 0.001
0.017 ± 0.005
0.018 ± 0.009
1.067 ± 0.411

0.201 ± 0.069
0.003 ± 0.001
0.021 ± 0.005
0.012 ± 0.002
0.010 ± 0.002
0.001 ± 0.001
0.001 ± 0.001
0.134 ± 0.055
0.014 ± 0.006
0.003 ± 0.001
0.001 ± 0.001
0.001 ± 0.001
0.002 ± 0.001
0.087 ± 0.027
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ST6
Benzenoids
(Total)
Estragole
α-benzene
Hydrocarbon
HC1

NA

NA

0.114 ± 0.033

0.001 ± 0.001

NA

NA

0.222 ± 0.034
0.190 ± 0.035
0.048 ± 0.004

0.075 ± 0.014
0.062 ± 0.014
0.013 ± 0.012

0.353 ± 0.098
0.419 ± 0.119
0.022 ± 0.002

0.005 ± 0.002
0.005 ± 0.002
0.001 ± 0.001

1.117 ± 0.421
1.186 ± 0.477
0.013 ± 0.003

0.097 ± 0.031
0.096 ± 0.031
0.001 ± 0.001

5.238 ± 0.305

0.003 ± 0.001

12.013 ± 1.084

0.001 ± 0.001

3.283 ± 1.206

0.001 ± 0.001

Table S6-2. Bayesian model results testing for differences between simulated attack and mechanical wounding trees in
monoterpenoid, sesquiterpenoid, estragole and total secondary metabolite (SM) concentrations (mg/g) at day 1, day 4, and day 30 in P.
aristata, P. flexilis, and P. contorta. The median effect size (ES) is the median difference in model parameter estimates between
comparison samples. Also shown are the 95% Bayesian credible intervals (CIBayes). The marginal probability (MP) is the probability
that pairwise comparisons are statistically different, given the direction of the ES. A negative ES suggests that the SM group
concentrations were greater in mechanically wounded, relative to the simulated attack treatment. Values in bold represent estimates
that are credibly different (MP > 90%)
Simulated attack vs
Mechanically
wounded
Total SM
Day 1
Day 4
Day 30
Monoterpenoids
Day 1
Day 4
Day 30
Sesquiterpenoids
Day 1
Day 4
Day 30
Estragole
Day 1
Day 4
Day 30

P. aristata
ES
MP
(95% CIBayes)
(%)

P. flexilis
ES
(95% CIBayes)

MP
(%)

P. contorta
ES
MP
(95% CIBayes)
(%)

-7.75 (-16.4, 0.99)
-1.93 (-21.9, 18.0)
506.1 (365.8, 641.3)

96.2
58.6
100

-1.03 (-5.92, 3.81)
7.89 (-9.79, 25.1)
246.3 (176.3, 313.6)

69.0
84.7
99.9

-2.72 (-13.5, 7.96)
9.47 (-9.02, 27.8)
539.4 (171.9, 891.4)

68.7
84.7
100

-7.32 (-15.6, 0.55)
-1.70 (-22.4, 18.7)
505.0 (373.8, 629.6)

96.4
57.2
100

-0.54 (-4.15, 3.16)
7.44 (-10.4, 25.0)
231.4 (172.9, 289.7)

64.0
83.5
100

-1.48 (-10.6, 7.24)
-2.01 (-9.12, 4.99)
540.0 (153.8, 892.8)

65.3
73.3
99.1

-0.48 (-1.84, 0.90)
-0.10 (-1.46, 1.26)
2.84 (-0.95, 6.99)

80.9
57.8
94.0

-0.51 (-2.04, 1.01)
0.53 (-1.75, 2.82)
22.0 (9.76, 34.5)

78.1
68.9
99.9

-1.08 (-3.93, 1.76)
-0.34 (-1.11, 0.48)
0.22 (-0.95, 1.41)

81.9
82.1
66.2

-0.00 (-0.08, 0.08)
-0.02 (-0.11, 0.07)
1.13 (0.18, 2.04)

55.5
70.6
98.6

-0.01 (-0.09, 0.07)
-0.00 (-0.08, 0.09)
0.01 (-0.92, 0.93)

61.9
50.3
51.0

-0.20 (-0.34, -0.04)
-0.01 (-0.14, 0.13)
1.87 (0.55, 3.22)

99.2
53.5
99.5
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Table S6-3. Bayesian model results testing for the effect of simulated attack and
mechanical wounding on induced (day 1, day 4, day 30) relative to constitutive (day 0)
secondary metabolite (SM) concentrations: day 1 vs day 0, day 4 vs day 0, day 30 vs day
0. Responses were analyzed by SM group (monoterpenoids, sesquiterpenoids, the
benzenoid estragole) and total SM (mg/g) concentrations in P. aristata, P. flexilis, and P.
contorta. The median effect size (ES) is the median difference in model parameter
estimates between comparison samples. Also shown are the 95% Bayesian credible
intervals (CIBayes). The marginal probability (MP) is the probability that pairwise
comparisons are statistically different, given the direction of the ES. Values in bold
represent estimates that are credibly different (MP > 90%).
P. aristata
ES
(95% CIBayes)

MP
(%)

P. flexilis
ES
(95% CIBayes)

1.72 (-4.73, 7.99)

70.8

5.91 (2.85, 8.83)

Day 4 vs Day 0

24.4 (6.25, 41.9)

99.1

19.7 (2.29, 36.3)

Day 30 vs Day

553.4 (416.3, 684.
1)

100

282.3 (218.7, 342.
2)

1.76 (-4.42, 7.84)

71.
4
98.
8
100

4.80 (2.08, 7.48)

Temporal duration
Simulated attack
Total SM
Day 1 vs Day 0

0

0

Monoterpenoids
Day 1 vs Day 0
Day 4 vs Day 0

24.9 (4.73, 43.6)

Day 30 vs Day 0

552.4 (423.2, 675.
1)

259.9 (205.9, 314.4
)

MP
(%)

99.
7
98.
3
100

0.80 (-2.78, 4.47)

67.9

26.21 (6.84, 45.26)

99.0

535.47 (177.9, 862.
3)

100

96.
3
97.
1
100

0.92 (-2.78, 4.57)

70.9

25.9 (6.42, 44.4)

99.1

534.9 (157.4, 882.5
)

99.3

Sesquiterpenoids
Day 1 vs Day 0
Day 4 vs Day 0
Day 30 vs Day

-0.02 (-0.59, 0.55)
0.41 (-0.59, 1.37)
2.88 (-0.80, 6.84)

52.9
84.5
95.0

1.06 (0.32, 1.76)
16.9 (-0.87, 34.3)
28.2 (16.6, 39.3)

99.3
97.1
100

-0.05 (-0.22, 0.12)
0.23 (-0.23, 0.67)
0.45 (-0.42, 1.33)

73.9
87.1
87.2

Estragole
Day 1 vs Day 0
Day 4 vs Day 0
Day 30 vs Day

-0.00 (-0.06, 0.07)
0.01 (-0.05, 0.07)
-0.05 (-0.14, 0.05)

50.9
60.7
85.7

0.02 (-0.05, 0.10)
0.01 (-0.06, 0.08)
0.08 (-0.02, 0.18)

78.0
58.5
94.0

1.36 (0.43, 2.26)
0.04 (-0.89, 0.95)
2.09 (0.84, 3.39)

99.3
56.3
99.7

9.49 (-2.13, 20.3)

95.7

6.93 (-4.69, 17.8)

3.54 (-8.18, 15.6)

75.8

Day 4 vs Day 0

26.3 (16.5, 35.9)

100

11.5 (1.81, 21.2)

17.1 (6.57, 28.0)

99.7

Day 30 vs Day

47.3 (15.7, 75.0)

99.5

35.6 (4.53, 63.6)

90.
6
98.
7
98.
3

15.7 (-4.00, 36.5)

94.8

0
Mechanically
wounded
Total SM
Day 1 vs Day 0

0

16.9 (-0.87, 34.3)

P. contorta
ES
(95% CIBayes)

MP
(%)

Monoterpenoids
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Day 1 vs Day 0
Day 4 vs Day 0

0

Day 30 vs Day
Sesquiterpenoids
Day 1 vs Day 0
Day 4 vs Day 0

0

Day 30 vs Day
Estragole
Day 1 vs Day 0
Day 4 vs Day 0

0

Day 30 vs Day

9.12 (1.47,
16.8)
25.7 (16.5,
35.1)
47.0 (20.9,
75.0)

98.
9

5.34 (2.77, 7.79) 99.

2.40 (-6.43, 11.5)

73.6

100

9.41 (7.00, 11.8) 99.

16.8 (6.45, 26.7)

99.5

99.
9

28.4 (6.38, 51.3) 99.

15.4 (-2.40, 34.5)

95.9

0.48 (-0.85,
1.78)
0.51 (-0.49,
1.46)
47.0 (20.9,
75.0)

82.7

5.34 (2.77,
7.79)
9.41 (7.00,
11.8)
28.4 (6.38,
51.3)

99.7

1.03 (-1.81, 3.85)

80.8

99.9

16.8 (6.45, 26.7)

99.5

99.0

15.4 (-2.40, 34.5)

95.9

-0.00 (-0.09,
0.08)
0.02 (-0.07,
0.10)
0.15 (-0.00,
0.30)

50.0

0.04 (-0.04,
0.13)
0.01 (-0.08,
0.10)
0.08 (-0.04,
0.22)

87.1

0.24 (-0.02, 0.48)

96.8

56.3

0.02 (-0.23, 0.28)

58.7

91.1

0.21 (-0.21, 0.67)

83.3

89.8
99.9

68.2
97.3

7
9
0

Table S6-4. Shannon-Wiener diversity index (mean ± se) assessed on the constitutive and inducible (ΔI-C) response in mono- and
sesquiterpenoid SM fractions of P. aristata and P. flexilis across five sites and P. contorta at a single site.
Shannon-Wiener
diversity

P. aristata

P. flexilis

P. contorta

Monoterpenoids

Constitutive
2.01 (0.02)

Inducible
1.53 (0.03)

Constitutive
1.93 (0.03)

Inducible
1.82 (0.04)

Constitutive
1.33 (0.08)

Inducible
1.20 (0.09)

Sesquiterpenoids

1.69 (0.06)

1.35 (0.08)

1.26 (0.04)

1.07 (0.07)

1.40 (0.11)

1.38 (0.20)
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Table S6-5. Shannon-Wiener diversity index (mean ± standard error) assessed on the constitutive and inducible (ΔI-C) responses in
mono- and sesquiterpenoid SM fractions of P. aristata, P. flexilis, and P. contorta, separated by sampled populations
Shannon-Wiener
diversity
Monoterpenoids
Overall
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Sesquiterpenoids
Overall
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ

P. aristata
Constitutive
2.01 (0.02)
2.16 (0.04)
2.04 (0.02)
1.96 (0.04)
1.79 (0.04)
2.08 (0.02)
Constitutive
1.69 (0.06)
1.76 (0.08)
1.72 (0.07)
1.82 (0.06)
1.97 (0.03)
1.15 (0.18)

Inducible
1.53 (0.03)
1.63 (0.08)
1.48 (0.03)
1.42 (0.02)
1.45 (0.06)
1.67 (0.01)
Inducible
1.35 (0.08)
1.37 (0.15)
1.50 (0.09)
0.75 (0.07)
1.84 (0.07)
1.31 (0.12)

P. flexilis
Constitutive
1.93 (0.03)
1.88 (0.05)
1.84 (0.06)
1.88 (0.06)
1.95 (0.04)
2.12 (0.06)
Constitutive
1.26 (0.04)
1.24 (0.06)
1.32 (0.12)
1.32 (0.15)
1.12 (0.06)
1.30 (0.05)

Inducible
1.82 (0.04)
1.83 (0.07)
1.69 (0.09)
1.85 (0.09)
1.80 (0.05)
1.95 (0.11)
Inducible
1.07 (0.07)
1.04 (0.07)
1.28 (0.17)
1.13 (0.14)
0.68 (0.17)
1.21 (0.08)

P. contorta
Constitutive

Inducible

1.33 (0.08)

1.20 (0.09)

Constitutive

Inducible

1.40 (0.11)

1.38 (0.20)
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Table S6-6. Bayesian model comparison estimates of total secondary metabolites (SM),
monoterpenoids, sesquiterpenoids, and estragole (mg/g) testing for the effect of temporal
seasonality between day 0 and day 30 constitutive samples for P. aristata, P. flexilis, and
P. contorta. The median effect size (ES) and 95% Bayesian credible intervals (CIBayes)
are shown. . The marginal probability (MP) is the probability that pairwise comparisons
are statistically different, given the direction of the ES. A negative ES indicates the day 0
concentrations were greater than from day 30. Values in bold represent estimates that are
credibly different (MP > 90%)
Seasonality
Day 30 – Day 0
Total SM
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Monoterpenoids
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Sesquiterpenoids
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Estragole
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ

P. aristata
ES
(95% CIBayes)

MP
(%)

P. flexilis
ES
(95% CIBayes)

MP
(%)

0.72 (-5.53, 7.31)
6.34 (-4.01, 16.4)
-6.12 (-16.4, 4.28)
-1.55 (-11.6, 8.72)
4.79 (-6.33, 15.8)
-0.02 (-10.0, 9.93)

59.4
88.9
87.3
61.6
81.0
50.3

0.21 (-4.44, 5.77)
0.97 (-5.80, 9.32)
0.48 (-5.82, 8.20)
0.86 (-5.59, 9.10)
0.56 (-5.31, 8.22)
0.70 (-5.52, 8.34)

53.8
60.5
56.6
60.5
57.0
58.7

0.21 (-5.45, 6.27)
5.57 (-3.53, 15.1)
-5.80 (-15.2, 3.63)
-1.26 (-10.6, 8.11)
3.65 (-6.38, 13.9)
-0.78 (-10.2, 8.69)

52.9
87.9
89.1
60.3
75.7
57.0

0.12 (-4.24, 5.30)
0.76 (-5.39, 8.22)
0.34 (-5.48, 7.18)
0.76 (-5.33, 8.24)
0.59 (-5.87, 7.49)
0.54 (-5.00, 7.44)

52.5
59.4
55.2
59.3
58.9
57.5

0.51 (-0.04, 1.19)
0.81 (-0.16, 1.80)
-0.14 (-0.82, 0.78)
-0.04 (-0.99, 0.92)
1.14 (0.11, 2.16)
0.77 (-0.20, 1.74)

96.7
95.1
62.8
53.5
98.4
93.9

0.11 (0.24, 0.70)
0.25 (-0.26, 1.09)
0.18 (-0.28, 0.97)
0.18 (-0.28, 1.03)
0.17 (-0.33, 0.98)
0.21 (-0.33, 1.08)

70.4
78.5
73.5
74.4
72.2
73.7

-0.03 (-0.09, 0.01)
0.02 (-0.04, 0.07)
0.00 (-0.03, 0.05)
-0.11 (-0.16, -0.05)
0.04 (-0.02, 0.11)
-0.07 (-0.12, -0.01)

92.9
72.9
55.5
99.9
89.1
98.5

-0.00 (-0.05, 0.03)
0.00 (-0.04, 0.05)
0.00 (-0.04, 0.05)
0.00 (-0.04, 0.05)
-0.00 (-0.04, 0.05)
0.00 (-0.04, 0.04)

60.6
54.1
53.0
57.3
51.9
53.7

P. contorta
ES
MP
(95% CIBayes)
(%)
12.2 (-0.64, 24.4)

96.9

9.26 (-2.30, 20.9)

94.5

2.84 (1.76, 3.96)

100

-0.03 (-0.11, 0.05)

75.7
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Table S6-7. Bayesian model estimates of growth rate (10 year average basal area
increment; BAI) testing for species differences between P. aristata (reference) and coexisting P. flexilis. The median effect size (ES) and 95% Bayesian credible intervals
(CIBayes) are shown. The marginal probability (MP) is the probability that pairwise
comparisons are statistically different, given the direction of the ES. A negative ES
indicates the species on the right side of the comparison had a greater response. Values in
bold represent estimates that are credibly different (MP > 90%)
Growth rate
(BAI; mm2 yr-1)
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Mt. Evans, CO
Mt. Evans, CO

P. aristata – P. flexilis
ES (95% CIBayes)
MP (%)
-44.1 (-67.7, -20.9)
100
-15.1 (-70.2, 42.6)
70.6
-8.9 (-83.5, 65.2)
59.2
-12.4 (-65.9, 41.6)
67.0
-58.5 (-101.2, -10.3)
99.9
-108.0 (-154.9, -61.1) 100
P. aristata – P. contorta
-27.1 (-79.3, 28.3)
83.5
P. flexilis – P. contorta
-11.5 (-63.6, 39.9)
67.1
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Table S6-8. Bayesian model estimates of age testing for species differences between P.
aristata (reference) and co-existing P. flexilis. The median effect size (ES) and 95%
Bayesian credible intervals (CIBayes) are shown. The marginal probability (MP) is the
probability that pairwise comparisons are statistically different, given the direction of the
ES. A negative ES indicates the species on the right side of the comparison had a greater
response. Values in bold represent estimates that are credibly different (MP > 90%)
Age
(years)
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Mt. Evans, CO
Mt. Evans, CO

P. aristata – P. flexilis
ES (95% CIBayes)
MP (%)
25.4 (-44.2, 93.7)
77.4
19.7 (-130.1, 179.0)
60.4
44.1 (-160.5, 250.6)
66.6
57.1 (-93.2, 202.5)
57.8
20.8 (-124.1, 165.4)
61.7
4.83 (-130.1, 140.5)
52.7
P. aristata – P. contorta
-121.4 (-271.9, 30.2)
94.4
P. flexilis – P. contorta
-142.1 (-285.5, 7.37)
96.8
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Table S6-9. Bayesian model estimates of DBH (cm) testing for species differences
between P. aristata (reference) and co-existing P. flexilis. The median effect size (ES)
and 95% Bayesian credible intervals (CIBayes) are shown. The marginal probability (MP)
is the probability that pairwise comparisons are statistically different, given the direction
of the ES. A negative ES indicates the species on the right side of the comparison had a
greater response. Values in bold represent estimates that are credibly different (MP >
90%)
DBH
(cm)
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Mt. Evans, CO
Mt. Evans, CO

P. aristata – P. flexilis
ES (95% CIBayes)
MP (%)
-0.73 (-1.37, -0.10)
98.7
-0.92 (-2.42, 0.49)
89.3
-0.15 (-1.58, 1.32)
58.4
-0.49 (-1.95, 1.03)
73.9
-0.23 (-1.65, 1.22)
61.4
-1.85 (-3.29, -0.33)
99.8
P. aristata – P. contorta
-1.51 (-3.00, -0.5)
97.8
P. flexilis – P. contorta
-0.58 (-2.02, 0.93)
78.0
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Table S6-10. Bayesian model estimates of phloem thickness (mm) testing for species
differences between P. aristata (reference) and co-existing P. flexilis. The median effect
size (ES) and 95% Bayesian credible intervals (CIBayes) are shown. The marginal
probability (MP) is the probability that pairwise comparisons are statistically different,
given the direction of the ES. A negative ES indicates the species on the right side of the
comparison had a greater response. Values in bold represent estimates that are credibly
different (MP > 90%)
Phloem thickness
(mm)
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Mt. Evans, CO
Mt. Evans, CO

P. aristata – P. flexilis
ES (95% CIBayes)
MP (%)
0.85 (0.50, 1.20)
100
0.54 (-0.18, 1.26)
92.8
0.86 (0.15, 1.54)
99.1
29.3 (-0.41, 1.03)
78.9
0.17 (-0.56, 0.89)
67.9
2.42 (1.72, 3.13)
100
P. aristata – P. contorta
0.40 (-0.33, 1.13)
87.0
P. flexilis – P. contorta
-0.14 (-0.86, 0.58)
65.4
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Table S6-11. Bayesian model estimates of total SMs, mono-, and sesquiterpenoid
concentrations (mg/g) testing for species and site differences between P. aristata and coexisting P. flexilis and P. contorta in constitutive and inducible ΔI-C concentrations. The
median effect size (ES) and 95% Bayesian credible intervals (CIBayes) are shown. The
marginal probability (MP) is the probability that pairwise comparisons are statistically
different, given the direction of the ES. A negative ES indicates the species on the right
side of the comparison had a greater response. Values in bold represent estimates that are
credibly different (MP > 90%).

Total SM
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Monoterpenoids
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Sesquiterpenoids
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Estragole
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Mt. Evans, CO
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole
Mt. Evans, CO
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole

P. aristata – P. flexilis
Constitutive
Inducible (ΔI-C)
ES
MP ES
MP
(95% CIBayes)
(%) (95% CIBayes)
(%)
27.3 (23.3, 31.3)
19.2 (11.0, 27.3)
23.1 (15.2, 31.3)
28.7 (20.3, 36.9)
29.6 (21.3, 37.8)
35.9 (27.8, 43.9)

100
99.9
100
100
100
100

274.1 (163.2, 387.1)
-17.0 (-206.5, 183.4)
96.6 (-105.5, 299.4)
163.2 (-31.7, 351.1)
358.5 (157.4, 554.5)
763.2 (557.1, 966.6)

100
56.5
83.1
95.1
99.9
100

26.1 (22.1, 30.0)
17.9 (10.1, 25.7)
22.4 (14.7, 29.7)
27.0 (19.4, 34.6)
28.5 (20.8, 36.2)
34.6 (27.0, 42.2)

100
100
100
100
100
100

297.7 (1.87.8, 408.6)
-11.0 (-195.2, 176.5)
107.0 (-85.3, 298.5)
178.1 (-15.1, 369.3)
397.2 (207.9, 586.3)
812.7 (617.9, 1008.4)

100
54.0
86.4
96.5
99.9
100

1.10 (0.87, 1.32)
1.21 (0.74, 1.66)
0.64 (0.18, 1.10)
1.48 (1.04, 1.92)
1.06 (0.61, 1.52)
1.11 (0.65, 1.55)

100
100
99.8
100
100
100

-25.3 (-34.6, -16.2)
-5.99 (-23.6, 12.9)
-11.7 (-30.6, 6.41)
-18.2 (-36.7, 0.33)
-38.2 (-55.7, -20.1)
-52.8 (-70.5, -35.0)

100
73.8
90.1
96.4
100
100

0.06 (0.03, 0.08)
99.9 1.33 (0.78, 1.88)
0.02 (-0.03, 0.08)
78.0 0.33 (-0.75, 1.37)
-0.00 (-0.06, 0.05)
44.4 1.85 (0.80, 2.90)
0.14 (0.08, 0.20)
100 0.55 (-0.52, 1.61)
0.03 (-0.03, 0.09)
84.7 0.55 (-0.48, 1.60)
0.09 (0.03, 0.15)
99.9 3.37 (2.32, 4.45)
P. aristata – P. contorta
12.4 (7.28, 17.4)
100 -270.8 (-555.6, 14.9)
11.3 (6.50, 16.1)
100 -264.0 (-541.2, 13.8)
1.22 (0.65, 1.60)
100 -0.46 (-3.51, 2.65)
0.02 (-0.03, 0.08)
78.4 0.33 (-0.78, 1.39)
P. flexilis – P. contorta
-6.72 (-9.24, -4.15)
100 -252.8 (-529.5, 34.1)
-7.34 (-11.8, -2.69)
99.6 -256.1 (-530.4, 22.2)
0.02 (-0.05, 0.09)
71.8 5.42 (2.32, 8.52)
-0.02 (-0.07, 0.02)
83.7 -1.69 (-2.78, -0.65)

100
72.8
99.9
84.4
85.1
100
96.9
96.9
61.9
73.0
96.1
96.4
99.9
99.9

Table S6-12. Bayesian model estimates of total SMs, mono-, and sesquiterpenoid concentrations (mg/g) for P. aristata, P. flexilis and
P. contorta in constitutive and inducible (ΔI-C) (Day 30) concentrations. The median effect size (ES) and 95% Bayesian credible
intervals (CIBayes) are shown. The marginal probability (MP) is the probability that coefficient estimates are greater or less than zero,
given the direction of the ES. Values in bold represent estimates that are credibly different (MP > 90%).
ES
(95% CIBayes)

Constitutive
P. flexilis
P. contorta
ES
ES
(95% CIBayes) (95% CIBayes)

ES
(95% CIBayes)

ES
(95% CIBayes)

29.0 (25.1, 33.1)
21.5 (15.1, 27.3)
24.9 (19.2, 30.7)
30.4 (24.6, 36.1)
30.7 (24.9, 36.5)
37.2 (31.6, 42.9)

1.8 (-2.1, 5.8)
2.4 (-3.4, 8.2)
1.9 (-3.7, 7.6)
1.8 (-3.9, 7.4)
1.1 (-5.0, 7.0)
1.4 (-4.4, 7.3)

545.9 (351.1, 717.9)
274.1 (134.1, 412.1)
348.9 (210.9, 490.3)
420.0 (276.0, 558.0)
674.4 (532.8, 813.5)
1054.8 (914.6, 1194.9)

271.4 (74.1, 445.0)
290.2 (150.1, 429.9)
251.5 (114.2, 389.9)
258.7 (117.9, 399.3)
313.1 (171.8, 450.8)
289.4 (150.4, 431.7)

27.6 (23.3, 31.7)
20.1 (14.7, 25.5)
24.1 (18.7, 29.5)
28.7 (23.3, 34.2)
24.1 (18.7, 29.5)
35.8 (30.3, 41.1)

1.5 (-2.7, 5.6)
2.3 (-3.3, 7.7)
1.7 (-3.9, 7.3)
1.7 (-3.9, 7.1)
0.9 (-4.5, 6.3)
1.2 (-4.3, 6.6)

542.8 (370.9, 702.2)
273.8 (131.8, 411.2)
346.6 (209.7, 483.0)
414.2 (278.2, 552.3)
670.8 (534.4, 805.4)
1045.2 (907.5, 1182.2)

244.6 (73.2, 401.2)
284.2 (150.6, 422.6)
236.7 (103.9, 374.9)
233.3 (96.2, 370.1)
273.2 (135.0, 412.2)
234.2 (95.4, 372.4)

1.3 (1.0,1.5)
1.3 (1, 1.7)
0.8 (0.4, 1.1)
1.6 (1.3, 1.9)
1.2 (0.90, 1.6)
1.3 (1.0, 1.6)

0.2 (-0.1, 0.4)
0.1 (-0.2, 0.5)
0.1 (-0.2, 0.4)
0.1 (-0.2, 0.4)
0.2 (-0.2, 0.5)
0.2 (-0.1, 0.5)

2.98 (-7.7, 13.8)
0.2 (-12.8, 13.1)
0.8 (-12.1, 13.8)
6.6 (-6.5, 19.5)
2.9 (-10.2, 15.4)
4.5 (-8.4, 17.4)

28.4 (17.6, 39.2)
6.0 (-7.1, 18.8)
12.6 (-0.2, 25.4)
24.6 (11.5, 37.4)
41.2 (28.3, 54.0)
57.3 (44.5, 70.3)

0.1 (0.0, 0.1)
0.0 (-0.0, 0.1)
0.0 (-0.0, 0.0)
0.1 (0.1, 0.2)
0.0 (0.0, 0.1)

0.0 (-0.0, 0.1)
0.0 (-0.0, 0.0)
0.0 (-0.0, 1.0)
0.0 (-0.0, 0.0)
0.0 (-0.0, 0.0)

1.4 (0.5, 2.3)
0.5 (-0.3, 1.2)
1.9 (1.1, 2.6)
0.6 (0.2, 1.4)
0.6 (-0.2, 1.3)

0.0 (-0.9, 1.0)
0.2 (-0.6, 0.9)
0.0 (-0.7, 0.8)
0.0 (-0.7, 0.8)
0.0 (-0.8, 0.8)

P. aristata

Total SM
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Monoterpenoids
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Sesquiterpenoids
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys, AZ
Estragole
(Overall)
Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM

9.1 (3.4, 15.0)

8.8 (3.2, 14.5)

0.2 (-0.1, 0.5)

0.1 (0.1, 0.1)

P. aristata

Inducible (ΔI-C)
P. flexilis

P. contorta

544.3 (403.9, 683.2)

542.2 (408.5, 677.8)

0.4 (-12.5, 13.3)

1.9 (1.1, 2.6)
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Mt. Humphreys, AZ

0.1 (0.1, 0.1)

0.0 (-0.0, 0.1)

3.4 (2.6, 4.1)

0.0 (-0.7, 0.8)
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Table S6-13. Bayesian linear regression coefficients (i.e., slope) testing for among
populations relationships: H2) the relationship between growth rate (BAI) and
constitutive and inducible (ΔI-C) response concentrations and H3) the relationship
between constitutive and inducible (ΔI-C) total secondary metabolite (SM),
monoterpenoid, sesquiterpenoid, and estragole concentrations (mg/g) among populations
of P. aristata and P. flexilis. Prior to analysis, data were z-score standardized ((obs –
mean)/standard deviation) by species. The regression coefficient median estimate (ES)
and 95% Bayesian credible intervals (CIBayes) are shown. The marginal probability (MP)
is the probability that coefficient estimates are greater or less than zero, given the
direction of the ES. Values in bold represent estimates that are credibly different (MP >
90%)

H2) BAI vs Constitutive
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole
BAI vs Inducible (ΔI-C)
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole
H3) Constitutive vs Inducible (ΔI-C)
Total SM
Monoterpenoids
Sesquiterpenoids
Estragole

P. aristata
ES
(95% CIBayes)

MP
(%)

P. flexilis
ES
(95% CIBayes)

MP
(%)

0.22 (-0.33, 0.70)
0.22 (-0.31, 0.70)
0.07 (-0.39, 0.58)
-0.09 (-1.31, 0.80)

81.7
82.0
63.0
60.1

0.03 (-0.43, 0.53)
0.06 (-0.40, 0.58)
0.10 (-0.35, 0.50)
-0.01 (-0.87, 0.80)

54.6
59.3
69.2
50.7

0.41 (-0.23, 0.95)
0.40 (-0.22, 0.93)
0.73 (0.27, 1.21)
0.53 (-0.07, 1.03)

90.3
90.0
99.9
95.8

0.09 (-0.52, 0.74)
-0.07 (-0.68, 0.59)
0.47 (-0.18, 0.99)
-0.16 (-0.79, 0.55)

61.8
59.7
93.7
70.1

0.19 (-0.00, 0.39)
0.19 (-0.01, 0.39)
-0.05 (-0.31, 0.22)
0.24 (-0.02, 0.50)

97.2
96.8
64.5
96.4

0.02 (-0.37, 0.41)
0.09 (-0.30, 0.49)
-0.04 (-0.38, 0.31)
-0.20 (-0.54, 0.14)

53.6
67.3
59.3
87.5
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Table S6-14. Bayesian linear regression coefficients testing for the relationship between
constitutive and inducible (ΔI-C) concentrations (mg/g) of individual compounds in P.
aristata, P. flexilis, and P. contorta across sampled sites. The individual compounds
presented were the most abundant across quantified compounds in our study and/or have
exhibited defensive function within the literature (e.g., estragole). Prior to analysis, data
were z-score standardized ((obs – mean)/standard deviation) by species. The median
effect size (ES) and 95% Bayesian credible intervals (CIBayes) are shown. The marginal
probability (MP) is the probability that coefficient estimates are greater or less than zero,
given the direction of the ES. Values in bold represent estimates that are credibly
different (MP > 90%)
Individual
compounds
Constitutive Inducible
(-)-α-pinene
(+)-α-pinene
𝛿𝛿-3-carene
(+/-)-β-pinene
β-phellandrene
Sabinene
Thymol methyl ether
β-myrcene
(+)-limonene
(-)-limonene
Bornyl acetate
Estragole
γ-terpinene
Terpinolene
Terpinolene-2

P. aristata
ES
(95% CIBayes)
0.04 (-0.42, 0.53)
0.08 (-0.31, 0.47)
0.47 (0.02, 0.96)
-0.10 (-0.53, 0.34)
0.21 (-0.25, 0.66)
0.45 (0.04, 1.00)
-0.05 (-0.60, 0.44)
0.33 (-0.11, 0.96)
0.11 (-0.30, 0.50)
0.67 (0.31, 1.08)
-0.34 (-0.89, 0.13)
0.35 (-0.10, 0.84)
0.32 (-0.12, 0.90)
0.35 (-0.08, 0.88)
0.45 (-0.01, 94.3)

P. flexilis
MP
(%)
56.7
65.9
98.0
78.3
82.7
98.4
58.6
92.4
70.4
99.9
91.8
93.4
92.7
94.7
97.2

ES
(95% CIBayes)
0.02 (-0.37, 0.42)
0.26 (-0.12, 0.64)
0.87 (0.68, 1.07)
-0.06 (-0.44, 0.32)
0.93 (0.79, 1.08)
0.08 (-0.34, 0.49)
0.07 (-0.34, 0.49)
0.31 (-0.05, 0.68)
0.13 (-0.25, 0.53)
-0.03 (-0.41, 0.36)
0.68 (0.34, 1.04)
-0.25 (-0.64, 0.16)
0.45 (0.06, 0.83)
0.16 (-0.24, 0.56)
0.34 (-0.07, 0.75)

P. contorta
MP
(%)
54.7
91.4
100
61.2
100
65.3
63.5
95.5
78.0
56.9
100
88.5
98.6
79.2
95.0

ES
(95% CIBayes)
0.37 (-0.89, 1.61)
0.81 (-0.03, 1.66)
0.95 (0.50, 1.41)
0.83 (-0.03, 1.64)
0.24 (-1.10, 1.61)
0.07 (-1.25, 1.40)
0.95 (0.52, 1.42)
0.55 (-0.67, 1.73)
0.02 (-1.28, 1.37)
-0.01 (-1.14, 1.12)
0.69 (-0.44, 1.77)
0.15 (-1.18, 1.58)
0.06 (-1.39, 1.39)
0.40 (-0.83, 1.63)
-0.28 (-1.59, 0.95)

MP
(%)
76.1
97.2
99.6
97.2
67.4
54.8
99.8
85.7
51.8
51.1
92.4
60.7
54.5
78.5
69.9
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Table S6-15. Sampling dates at each site for constitutive (Day 0) and induced responses
(Day 1, 4, 30). Annual precipitation accumulation (Prec) during the year of sampling
(2018) by sample day, and precipitation accumulation at Day 30 relative to a 30 year
average at that site. Precipitation data based on Daily Surface Weather and
Climatological Summaries (DAYMET; NASA)
Site

Mt. Evans, CO
Tarryall, CO
Mosca Pass, CO
Taos, NM
Mt. Humphreys,
AZ

(Day 0)

Day
Aug
1
Jul
4
Jun
20
Jul
18
Aug
15

Prec
301
99
93
136
503

Sample date and Annual Precipitation (mm)
(Day 1)
(Day 4)
(Day ~30)

Day
Aug
2
Jul
5
Jun
21
Jul
19
Aug
16

Prec
301
105
93
136
510

Day
Aug
5
Jul
8
Jun
24
Jul
22
Aug
19

Prec
302
120
93
136
523

Day
Aug
29
Aug
3
Jul
20
Aug
16
Sep
11

Prec
315
181
159
259
598

Day 30
Relative
year-to-date
30 yr avg.
Prec%
55.3%
(569.83 avg.)
64.6%
(280.2 avg.)
56.4%
(281.83 avg.)
61.5%
(421.03 avg.)
120.8%
(494.83 avg.)
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Fig. S6-1. Conceptual diagram visualizing the tree phloem sampling procedure. Black
oblong squares (taken with Osbourne #2; UPC 01646) represent the constitutive sample
and region for fungal inoculation on the tree bole. Small white circles (right) represent
the induced samples (sampling position systematically assigned on days 1, 4, 30), above
and below the inoculation region, taken with a Trephor tool (Rossi et al. 2006).
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Fig. S6-2. Grosmannia clavigera (University of British Columbia; M002-06-03-05,
UC21G26; Canmore, AB, Canada) growth on 2% Malt Extract Agar (MEA) after 14
days.
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Fig. S6-3. Total secondary metabolite (SM), monoterpenoid (MT), sesquiterpenoid (ST),
and estragole quantifications for ‘simulated attack’ compared to ‘mechanically wounded’
trees across study sites at the day 4 sample. Boxplots whiskers represent data quartiles.
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Fig. S6-4. Scatter plots of the relationship between growth rate (10 year average basal
area increment (BAI) cm yr-1) and constitutive and induced defense levels of phloem total
secondary metabolites (SM), monoterpenoids (MT), sesquiterpenoids (ST), and estragole
in P. aristata, P. flexilis, and P. contorta.
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Fig. S6-5. Scatter plots of the relationship between constitutive and inducible
concentrations (i.e., difference between day 30 fungal induced and constitutive
concentrations) of phloem secondary metabolites in P. aristata. Presented compounds
displayed highly credible relationships (MP > 90%CIBayes) and/or are of interest in the
contemporary literature as toxic to Dendroctonus and its fungal and/or bacterial
symbionts (e.g., Raffa and Smalley 1985, Chiu et al. 2017).
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Fig. S6-6. Scatter plots of the relationship between constitutive and inducible
concentrations (i.e., difference between day 30 fungal-induced and constitutive
concentrations) of phloem secondary metabolites in P. flexilis. Presented compounds
displayed highly credible relationships (MP > 90%CIBayes) and/or are of interest in the
contemporary literature as toxic to Dendroctonus and its fungal and/or bacterial
symbionts (e.g., Raffa and Smalley 1985, Chiu et al. 2017).
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Fig. S6-7. Relationship between constitutive inducible (ΔI-C) mono- and sesquiterpenoid
concentrations and latitude across sites for P. aristata and P. flexilis. Sites are plotted in
order of and scaled by increasing latitude (see Table A6-8 for statistics).
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APPENDIX 7
CHAPTER 4 SUPPLEMENTAL INFORMATION
Table S7-1. Bayesian model estimates testing for differences in phloem and bark lignin
concentrations (g/mg FW) among sample sites of P. flexilis, P. longaeva, and P.
balfouriana (see Table 1; Fig. 1). The median effect size (ES) is the median difference in
model parameter estimates between comparison samples. Also shown are the 95%
Bayesian credible intervals (CIBayes). The marginal probability (MP) is the probability
that pairwise comparisons are statistically different, given the direction of the ES. Values
in bold represent estimates that are credibly different (MP > 90%).
Phloem
Within species
Population comparisons
P. flexilis
White vs. Ruby
White vs Snake
White vs Sierra
Ruby vs Snake
Ruby vs Sierra
Snake vs Sierra
P. longaeva
White vs Ruby
White vs Snake
Ruby vs Snake
P. balfouriana
Klamath vs Sierra

Bark

ES
(95% CIBayes)

MP
(%)

ES
(95% CIBayes)

MP
(%)

-0.29 (-0.75, 0.16)
0.08 (-0.37, 0.51)
0.52 (0.10, 0.97)
0.37 (-0.07, 0.81)
0.82 (0.39, 1.26)
0.45 (0.01, 0.89)

90.1
68.8
99.1
95.0
100
97.7

-15.2 (-26.8, -3.98)
-8.25 (-20.1, 3.14)
-10.4 (-21.5, 0.44)
6.76 (-2.69, 16.3)
4.80 (-4.39, 13.7)
-1.99 (-10.8, 6.67)

99.6
93.0
96.9
92.2
85.2
67.4

-0.35 (-0.80, 0.09)
-0.23 (-0.67, 0.21)
0.11 (-0.32, 0.55)

93.9
85.3
70.1

-9.98 (-18.5, -1.50)
-2.74 (-11.4, 5.54)
7.17 (-1.10, 15.3)

99.0
74.8
95.4

-0.11 (-0.55, 0.34)

68.4

1.80 (-6.75, 10.2)

66.5
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